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INTRODUCTION 


FQOHE transmission of alternating currents over any transmission 

line between specified terminal impedances depends only on the 
propagation constant and the characteristic impedance of the line 
(at the particular frequency contemplated). In this sense, then, the 
properties of transmission lines may be classed broadly as propagation 
characteristics and impedance characteristics. In telephony we are 
primarily concerned with the dependence of these characteristics on 
the frequency, over the telephonic frequency range. 

Prior to the application of telephone repeaters to telephone lines the 
propagation characteristics of such lines were more important than 
their impedance characteristics, because the received energy depended 
much more on the former than on the latter. 

The application of the two-way telephone repeater greatly altered 
the relative importance of these two characteristics, decreasing the 
need for high transmitting efficiency of a line but greatly increasing 
the dependence of the results on the impedance of the line. As well 
known, this is because the amplification to which a two-way repeater 
can be set without singing, or even without serious injury to the 
intelligibility of the transmission, depends strictly on the degree of 
impedance-balance between the lines or between the lines and their 
balancing-networks. In the case of the 21-tvpe repeater the two lines 
must have such impedances as to closely balance each other throughout 
the telephonic frequency range. In the case of the 22-type repeater, 
which for long lines requiring more than one repeater is superior to the 

Vol. 2—No. 2 


= 
‘ 


Z BELL SYSTEM TECHNICAL JOURNAL 


21-type, impedance networks are required for closely balancing the 
impedances of the two lines throughout the telephonic frequency 
range. Such balancing networks are necessary also in connection 
with the so-called four-wire repeater circuit.! 


Smooth lines are fundamental in telephonic transmission; for any 
telephone line is either a simple smooth line, or a compound smooth 
line, or a periodically loaded line whose sections are themselves short 
smooth lines. In any case the characteristic impedances of the con- 
stituent smooth lines enter importantly into the impedance of the 
system. Moreover, the characteristic impedance of the series type of 
periodically loaded line, at frequencies low relatively to its critical 
frequency, is closely the same as the characteristic impedance of the 
corresponding smooth line. 

Parts I, If, and III of this paper aim to present in a simple yet 
comprehensive manner the dependence of the characteristic impedance 
of the various types of smooth lines on the frequency and on the line 
constants, by means of description accompanied by equations 
transformed to the most suitable forms and by graphs of such 
equations. 


Part IV describes the principal networks devised by the writer at 
various times within about the last ten vears, for simulating the im- 
pedance of the various types of smooth lines. Of course, the imped- 
ance of any line could be simulated, as closely as desired, by means 
of an artificial model constructed of many short sections each having 
lumped constants; but such structures would be very expensive and 
very cumbersome. Compared with them the networks described in 
this paper are very simple non-periodic structures that are relatively 
inexpensive and are quite compact; yet the more precise of them have 
proved to be adequate for simulating with high precision the im- 
pedance of most types of smooth lines, while even the least precise 
(which are the simplest) suffice for a good many applications. The 
paper includes first approximation design-formulas and outlines a 
supplementary semi-graphical method for arriving at the best pro- 
portioning of the networks. <A typical illustrative example is worked 
out in Appendix E. 

It is hoped to devote a succeeding paper to the impedance char- 
acteristics of periodically loaded lines, and to various networks de- 
vised for simulating and compensating such impedance. 

Regarding the broad subject of repeaters and repeater circuits, reference may 


be made to the paper by Gherardi and Jewett: ‘‘ Telephone Repeaters,” A. I. E. E. 
Trans., 1919, pp. 1287-1345. 
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PART | 
GENERAL CONSIDERATIONS PERTAINING TO SmoorH LINES 


The exact formula for the characteristic impedance AK of any smooth 
line is usually written in the form 


kK R+ 
\ G + 


R, G, L and C denoting, as usual, the fundamental line constants? 
namely, the resistance, leakance (leakage conductance), inductance, 
and capacity, per unit length; @ denoting 27 times the frequeney f; 
and 7 the imaginary operator V —1. 

However, this form is neither the simplest nor the most significant. 
For it involves separately the four quantities R, G, lL. and C and is 
thus a function of not less than four? variables, whereas its value 
evidently depends on only the relative values of these quantities and 
hence must be expressible as a function of only three independent 
variables namely the ratios of any three of them to the fourth. 

In deciding just what form or forms of expression to adopt for K 
we shall here be guided by the following practical considerations: 

(A) In telephony we are chiefly interested in the dependence of 
K on the frequency f; or, stated more generally, in the dependence ot 
some quantity that is approximately proportional to AO on some 
quantity that is approximately proportional to /. 

The class of smooth lines is comprised between the following two 
rather wide extremes, having very different characteristics: 

(B) At one extreme are the large gauge open-wire lines, particularly 
when used at high frequencies. For them R is small relatively to wl, 
and G relatively to wC; and hence A is approximately or at) least 
roughly equal to VLC. 

(C) At the other extreme are the small gauge cables, particularly 
when used at low frequencies. For them & is large relatively to wl, 
though G is small relatively to wC; and hence A is approximately or at 
least roughly equal to VR tal. 

(ID) The line constants Rk, L, C do not change much with frequency 
over at least the voice frequency range; and hence they, or combina- 
tions of them, serve suitably as parameters. 

(E) The leakance G, which is nearly always the least important 
of the four line constants, usually varies greatly with the frequency 

*Constants as to current and voltage. 


* Five if w is regarded separately from L and C 
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and hence by itself does not serve very suitably as a parameter. How- 
ever, in a wide range of applications G is approximately or at feast 
roughly proportional to the frequency; and then a suitable parameter 
is G f or preferably G eC. This is true of cables except at extremely 
low frequencies. It is at least roughly true of open-wire lines at very 
high frequencies, such as carrier frequencies, but usually not at voice 
frequencies. For most lines the leakance G is usually approximately 
or at least roughly a linear function of the frequency, namely, 
G=Gy+vf, where Gy is the leakance at f=0, and v is approximately 
independent of the frequency. For cables, Go is small compared 
with vf except at very low values of f; but for open-wire lines Go is 
usually not negligible except at high values of f. 

In the light of these considerations a study of equation (1) suggests 
the employment of the quantities F, /, k, g, a, b defined by the follow- 
ing six equations. Not all of these substitutions will be employed 
simultaneously, but it is convenient to set them all down here together. 


F=woL/R, (2) E=wC/R, (3) 
(4) 2=VG/R, (5 
a=GL/RC, (6) b=G/wC. (7) 


Usually F or E will be treated as the independent variable; and 
k, #, a, b as parameters. 

It should perhaps here be emphasized that the approximations 
mentioned in the foregoing set of five considerations, (A) to (E), 
are employed merely as guides in the selection of the variables and 
parameters defined by the above equations (2) to (7), and in the 
choice of the forms adopted below for the formula for the character- 
istic impedance. Except where the contrary is definitely indicated, 
the formulas that will be adopted for the characteristic impedance are 
rigorously exact; though the variables F and F are never exactly pro- 
portional to the frequency, and the parameters k, g, a, 6 are never 
exactly independent of the frequency. If the independant variables 
were exactly proportional to the frequency and the parameters were 
exactly independent of the frequency, the graphs of the formulas 
would by a mere change of scales exactly represent the impedance 
as an explicit function of the frequency. 

With particular regard to considerations (B) and (C) it will be 
found convenient to divide the further treatment of smooth lines 
into two main parts, pertaining to open-wire lines and to cables 
respectively; and then, in each of those parts, to present the impedance 
formulas in the two forms respectively most suitable for the cases 
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where the leakance is approximately proportional to the frequency 
and approximately independent of the frequency, corresponding to 
consideration (EF). 

While the classification of smooth lines into open-wire lines and 
cables is convenient, there is, of course, no very sharp distinction 
between the open-wire type of lines and the cable twpe of lines, since 
the distinction depends on the line parameters and on the frequency 
range involved, rather than on the physical form of the line; for, any 
line at sufficiently high frequencies has the open-wire type of char- 
acteristics, and at sufficiently low frequencies the cable type of char- 
acteristics. With regard to the relative importance of the funda- 
mental line constants R, G, L, C when the frequency range is that of 
the voice, it may be said that for the open-wire type of lines L and C 
are of about equal importance, R of secondary, and G of tertiary im- 
portance; while, on the other hand, for the cable type, R and C are 
of about equal importance, Z of secondary, and G of tertiary import- 
ance. In illustration of the above remarks it may be noted that 
smoothly loaded cables (unless loaded very lightly) have the open- 
wire type of characteristics; as have also periodically loaded cables at 
low frequencies. 

Before proceeding to the separate treatments of open-wire lines 
anl cables, it seems desirable to indicate the general nature of the 
effect produced on the impedance by leakance. 


The General Effect of Leakance 

The amount of leakance that is normally allowable as regards its 
attenuating effects is so small as to produce only very slight effects on 
the characteristic impedance of either type of line (except at very low 
frequencies). 

In ordinary teleplione cables the leakance is so small that, except at 
very low frequencies, the impedance of such cables is very closely the 
same as in the limiting case of no leakance; whence that limiting case 
may be taken as being a good approximation to the actual case. In 
open-wire lines leakance may be much larger than in cables, yet 
normally it is small enough so that its effects on the impedance are 
slight, except at very low frequencies, so that usually the limiting 
value of zero leakance is still a good approximation when calculating 
the characteristic impedance. However, during wet weather and 
in particularly humid climates and locations the leakance in open- 
wire lines becomes large enough to affect the impedance quite ap- 
preciably, even within the voice frequency range, while enormously 
affecting it at very low frequencies. 
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The general nature of the effect produced on the characteristic 
impedance A by any value of the leakance G is readily seen from mere 
inspection of equation (1), so far as regards the absolute value and 
angle of the impedance. Thus, increasing G from any initial value 
decreases the absolute value of the impedance and (algebraically 
increases the angle. Starting with G=0, the angle is negative and 
has the value tan! increasing G decreases this negative 

wl, 
angle until G has become as large as RCL, when the angle has become 
zero and the impedance has become equal to the simple value V LC, 
and thereby equal also to V RG. Increasing G beyond this transi- 
tion value RC L toward infinite values gives to the impedance a 
positive angle which continually increases toward its limiting value 


Stan! son while the absolute value of the impedance goes on con- 
R 
tinually decreasing toward its limiting value of zero. 

The statements in the foregoing paragraph hold at all frequencies, 
though the effects of leakance are usually most pronounced at low 
frequencies. In fact at zero frequency the characteristic impedance 
of a line having any finite leakance however small is merely V RG; 
and at frequencies so low that wl is small compared with RK and wC 
small compared with G, the impedance A is, approximately, 

G 2R 2G) ' 
and hence is at least roughly equal to V RG. 

Of course, with actual lines the whole physically possible range of 
variation of G from zero to infinite values is never traversed. On the 
contrary the leakance G even in open-wire lines seldom reaches a 
value as large as the transition value RC L and hence the angle 
seldom becomes positive; while in cables the angle probably always 
remains negative and indeed is at least roughly equal to its limiting 
value of except at very low frequencies. 

Although, as already indicated, the effects of normal amounts of 
leakance are usually very small for both cables and open-wire lines, 
vet the effects in the two cases differ rather markedly in their nature, 
owing to the difference in the angles of the impedances of these two 
types of lines; the angle of cables begin almost —45°, while that of 
open-wire lines, though likewise negative, is much smaller (except at 
very low frequencies). 


43 
+ 
We 
| 
| 
: 
ae 
| 
| 
ia 


SMOOTH LINES AND SIMULATING NETWORKS 7 


To formulate analytically the effects of any value of the leakance G, 
let Ky denote the value of K when G =0, and let AK denote the incre- 
ment A — Ky due to the presence of the leakance G. A suitable meas- 
ure of the effect of the leakance is then the ratio AK Ay. In order 
to obtain for the value of this ratio a formula which will be convenient 


for use with the formula for A) (which involves a radical) it is ad- 


vantageous to write JA in the form AA =(K°—K.2) (AK and 
to introduce for brevity the quantity uw defined by the equation 
7.1 


This procedure leads readily to the following simple identity. for 
AK Ky, namely 
AK 


Ke. 


In particular, when this is applied to the formula (1) for A, the value 
of wis found to be 
iG/aC 
1-1G wl 


7.5) enable the exact value of JA Ky to be cal- 
culated for any value of G wC. For small values of G eC, the formula 


equations (7.2) and | 


for AK Ay takes the very simple approximate form 
AK Ky =tG 7.4) 


and this shows that, to the degree of approximation involved, AK 
is proportional to tA, through a proportionality factor (G 2eC) which 
is real and positive. Now, for cables, Ao has an angle of nearly 
—45°; and hence, by (7.4), it is seen that the addition of small leakance 
increases the resistance component and decreases the negative-re- 
actance component of the impedance by about equal amounts. For 
open-wire lines, on the other hand, the angle of Ay is much smaller, 
though negative, and hence a smalkincrease in the leakance changes the 
reactance component of the impedance much more than it does the 
resistance component; evidently, the change in the negative-reactance 
component is a decrease, but the change in the resistance component 
may be of cither sign, depending on the frequency. This fact regard- 
ing the effect of leakance on the resistance component of the impedance 
is not completely represented by the approximation (7.4) — which 


indicates the change as being always an increase—but it can be in- 
ferred from a study of the exact formulas (7.2) and (7.3). These 
would have to be employed also if the effects of large leakance were 
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being studied—or, more generally, large GwC. If it were not for a 
need of these exact formulas, the approximate formula (7.4) would 
have been derived by the mere application of Taylor's theorem to (1). 


Part II 
IMPEDANCE OF OPEN-WIRE LINES 


It will be recalled that the characteristic impedance of an ordinary 
open-wire line depends primarily on its inductance and its capacity, 
only secondarily on its resistance, and far less still on its leakance; 
and hence that its impedance is at least roughly equal to V L/C. 

Of the quantities defined by equations (2),... (7), the four most 
suitable for describing open-wire lines are F, k, b, anda. F is suitable 
as the independent variable, approximately proportional to the fre- 
quency. & is suitable as one parameter. For the other parameter, 
which evidently must involve the leakance, } or a respectively is the 
most suitable according as the leakance G is approximately propor- 
tional to the frequency or is approximately independent of the fre- 
quency. The corresponding suitable forms of the equation for the 
characteristic impedance A are then 


(8) K=k ( 
N 


The quantity k=VL/C which occurs in (8) and (9) as a mere 
factor is significant as being the value that the impedance approaches 
when the frequency is indefinitely increased‘; it is also the value the 
impedance would have at all frequencies if, without changing L and C, 
the line could be rendered non-dissipative. For ordinary open-wire 
lines at voice frequencies (R/wL small or fairly small compared to 
unity) it is at least a rough approximation to the value of the im- 
pedance. This limiting value k= V L/C will be termed the ‘ nominal 
impedance "’ or, more fully, the ‘‘ nominal characteristic impedance.” ® 

The amount K —k by which the characteristic impedance K exceeds 
the nominal characteristic impedance & will be termed the ‘ excess 
impedance,”’ and hence its two components the ‘ 
and the ‘‘ excess reactance "’; (or, more fully, for the three: the “* excess 
characteristic impedance,’’ ‘‘ excess characteristic resistance,” and 
‘““excess characteristic reactance,’ respectively). The latter two 


‘excess resistance 
‘ 
‘ Provided that G/f approaches zero. 


‘Strictly speaking, & varies slightly with the frequency, because of the varia- 
tions of L and even C. 
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have respectively the values 1f—k and_N, since & is real; Jf and N 
denoting the resistance and reactance components of K. The concept 
‘excess impedance ”’ will be found convenient in various connections, 
particularly in the description of networks for simulating the impedance 
of smooth lines. 

The ratio K/k of the characteristic impedance K to the nominal 
impedance k will be termed the “ relative impedance" and will be 
denoted by z=x+1y; whence x= 1/k will be termed the “ relative 
resistance,’ and y=N/k the “relative reactance.’ This complex 
number z is roughly equal to unity over most of the voice frequency 
range, and approaches unity as a limit when F is indefinitely in- 
creased. Its exact value, written in the two forms corresponding to 
(8) and (9) respectively, is 


(10 
\ (b+1)F 


NatiF 


Thus z, which is proportional to the characteristic impedance K 
(except for the fact that the proportionality factor k is not strictly 


1] 


independent of the frequency), depends merely on the two quantities 
F and b, or F and a, and hence can be readily represented by tables 
or graphs. 

When z has once been tabulated or graphed the value of A in any 
specific case (R, G, L, C specified) is readily obtained therefrom by 
entering such tables or graphs of z with the values of the arguments 
F=oL/R and b=G/wC of (10) or the arguments F=wel'R and 
a=GL/RC of (11), and then multiplying the value of 2 there found by 
k=VL/C. (Graphically this would amount merely to a change of 
scales if the parameters employed were strictly independent of the 
frequency.) Thus the function 


s=V (1+iF)/(b+i) F= V (1+iF)/(a+iF) 


represents simply and comprehensively the properties of the char- 
acteristic impedance of all smooth lines, though it is, more suitable 
for representing open-wire lines than cables. 

The two components x and y of 2 are represented as functions of 
F by the curves in Figs. 1 and 2 with 6 and @ respectively as para- 
meters. (Explicit formulas for x and y are included in Appendix A. 

The effects produced on s=x+ iy by the leakance G are exhibited, 


banda. These effects may 


in Figs. 1 and 2, through the parameters 
be conveniently represented analytically in a manner formally the 


same as that already outlined in connection with equations (7.1) and 
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(7.2); with K, Ky, AK (there) corresponding to 2, 2, As (here). 


Thus, by applying (7.1) to (10) and (11), 


= 


RELATIVE IMPEDANCE K/Kk OF 


OPEN WIRE LINES WHEN — 
LEAKAGE IS PROPORTIONAL 
TO FREQUENCY 


1.2. | 
8 | 
(b+i)F 
y b= 
| 


“20-94 6 810 


=1a/(F-—ia). 


Or, approximately, when > and a are small, 
p=1b=10/F; 


and thence, approximately, by (7.2), 


This analysis serves to account, approximately, for the nature of the 
etfects of small leakance, as depicted in Figs. 1 and 2 by the curves for 
small 6 and small a. To account for the effects of large leakance, as 
depicted by the curves for large b and large a, recourse to the exact 
formula for Az s, would be necessary; but the curves for large leakance 


possess hardly more than academic interest, as will be realized from 


the remarks already made under the heading The General Effect of 


Leakancee. 
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When there is no leakance (G=0, and hence )=0 and a=0) equa 
tions (10) and (11) reduce to the same form, namely 


F. (12 


This limiting form of the equation for the relative impedance 2 is 
rather important because it is comparatively simple and vet is a close 
approximation for the impedance of most actual lines except at very 
low frequencies (since the effects of normal amounts of leakance are 


1.6 


RELATIVE IMPEDANCE K /k OF 
14 OpEN-WIRE LINES WHEN 


LEAKAGE. IS INDEPENDENT 
OF FRECUENCY 
4 
| 
2 
0 
| 
y C 


a 
| F=oL/R 


0, 
0 2 4 6 8 10 0 2 4 6 8 
Fig. 2 
very small except at very low frequencies). It will therefore now 


be discussed with some fullness: 

For the case of no leakance the formulas for x and y are given 
under equation (12) in Appendix A; and are graphed in Fig. 1, (h=0), 
and in Fig. 2, (a=6). If the wires were devoid of resistance (R=0), 
x would be equal to unity and y would be zero. Thus the ettect of 
Wire resistance (in a non-leaky line) is to make x greater than its 
limiting value unity by the amount x—1 (the “relative excess resist- 
ance’), and to introduce a negative value of y (the “relative excess 
reactance,” which is equal to the “relative reactance’). Both 
x—1 and —y increase with decreasing F; the increase being slow at 
large values of F, but more and more rapid as F is decreased. x1 
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is always smaller than —y; and is much smaller except at low values 
of F, where the two approach equality as F approaches zero. The 
statements regarding x and y hold also for the effect of wire resistance 
on the characteristic resistance and the characteristic reactance, since 
these are (approximately) proportional to x and y respectively, the 
proportionality factor being the nominal impedance V L/C. 

Before leaving equation (12) attention will be directed to certain 
approximate and exact forms of this equation that have been found 
very useful in devising and proportioning networks for simulating 
the characteristic impedance of smooth lines, as will appear more 
fully in the latter part of this paper. At large values of F equation 
(12) vields immediately the approximation 


] 


DF" 


z=1+ 
whence x—1 and y have approximately the values 


(14) — (18 


From equation (12) of Appendix A the exact values of x—1 and y are 
known to be 


(16) (17) 


Thus it is seen that each of the approximations (14) and (15) is always 
somewhat larger than the exact value, since x is always greater than 
unity. However, these two approximations are fairly good for 
values of F as small even as unity, since there x does not exceed 1.1; 
and they rapidly approach exactness when F is increased, since x 
rapidly approaches unity. The exact equation for z will now be set 
down for purposes of reference; by (16) and (17) it is 
1 9 


=, —1-—. 1& 
F? (x+1)x? "OF x 


z=1+ 
At small values of F formula (12) shows that ¢ is approximately 
equal to s’’=x"’+iy’, defined by the equation 2’=1/ViF. The 
exact value of the fractional departure (g—2"’) /s’" is 


Zz iF 
= (18.1) 
l+vV1+iF 
which, at small F, is approximately equal to iF/2 merely. Thus, at 
small F, z exceeds its approximate value s’”” by an amount which is 
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proportional to iz’, through a proportionality factor | 2) which is 
real and positive; since the angle of 2” is: —45° it follows that x is 
greater than x” by about the same amount that — y is less than — v"’. 
This analysis serves to account for the shape of the curves of x» and y 
at small values of F and no leakance (the curves )=0 in Fig. 1, and 
a=0 in Fig. 2). The shape of the curves at any value of F can be 
accounted for, by means of the exact formula (18.1), or a suitable 
approximation thereof. In fact formula (18.1) shows immediately 
that 


and that this inequality increases with F. 


Part III 
IMPEDANCE OF CABLES 


It will be recalled that the impedance of an ordinary cable depends 
chiefly on its capacity and resistance, relatively little on its inductance, 
and far less still on its leakance; and hence that its impedance is at 
least roughly equal toV Ro iwC=(1-1)V 2w. 

Of the quantities defined by equations (2), ... (7), the four most 
suitable for describing cables are £, k, b and g. FE is suitable as the in- 
dependent variable, approximately proportional to the frequency. R is 
suitable as one parameter. For the other parameter, which evidently 
must involve the leakance, ) or g respectively is the most suitable ac 
cording as the leakance G is approximately proportional to or approxi 
mately independent of the frequency. The corresponding suitable 
forms of the equation for the impecance are then 


1+i1k°E - 


These two formulas (19) and (20) for cables are less simple than 
the corresponding formulas (8) and (9) for open-wire lines, because 
in (19) and (20) neither of the two parameters enters as a mere factor, 
and hence the number of effective parameters cannot be reduced to 
less than two. For purposes of mere specific computations this is 
not much of a complication; but in graphical representation it is 
enough to prevent the desired simplicity and compactness, if the 
representation is required to be exact and comprehensive. (Explicit 
formulas for the two components Jf and N of K are included in 
Appendix A.) 
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The ettects of the leakance G, as represented through the medium ot 
the parameters 6 and g, may if desired be conveniently formule ted and 
analyzed in a manner formally the same as that already outlined 
under the heading The General Effect of Leakance. 

In cables, particularly, the effect of leakance is usually extremely 
small except at very low frequencies. Hence in the graphical repre- 
sentation of formulas (19) and (20) it will suffice very well to confine 
ourselves to the limiting case of no leakance (G=0, and hence b=0 
and g=0), when these two equations reduce to the same form, namely 


K=V k-i/E. (21) 
The curves in Fig. 3 represent the resistance and reactance components 


Mand N of AK as functions of with k as parameter. 


IMPEDANCE K 
OF NoON-LEAKY CABLES 


The effects produced ow A = \+i1N by the inductance L are ex- 
hibited, in Fig. 3, through the parameter k. These effects may be 
conveniently represented analytically in a manner formally the same 
as that already emploved for the effects of leakance, un ler the heading 
The General Effect of Leakance. Thus, if K’ denotes the value of K, 
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expressed by (21), when k=0, then K’ here will correspond to K 
there; hence and thence, when is small compared to 
unity, 

AK /K’ =ik°E; 2. 


This analysis serves to account approximately for the nature of the 
effects of small inductance as depicted in Fig. 3. When the leakance 
is not zerd but is small, the effects of inductance are still about the 
same. The general nature of the effect of the inductance L on the 
characteristic impedance of any smooth line, so far as regards the 
absolute value and the angle of the impedance, can be readily de- 
termined by mere inspection of equation (1), in a manner similar to 
that already outlined regarding the effect of leakance under the head 
ing The General Effect of Leakancee. 

An alternative mode of representing the characteristic impedance of 
cables is suggested by the fact, already mentioned, that the impedance 
of a cable is at least roughly equal to VR few, whence its absolute 
value is at least roughly equal to VR wC. This suggests that we 
study a relative impedance consisting of the ratio of K to VR w,C, 
where w, denotes any fixed value of w; and that we adopt the ratio 
w/w, as the independent variable. In this mode of treatment it will 
be convenient to employ the quantities w, 7, F,, 6, b; defined by the 
equations 


22 

AY R wild K, 
(23) F,=a,L R, 24 
b=G wl, (25) b,=G wil. 26 


Thus, w denotes the relative impedance to be studied; its real and 
imaginary components will be denoted by u and v7, so that w=u+ie. 
r denotes the relative frequency —relative to any fixed frequency f). 
F, is one parameter. The other parameter is, respectively, b or ), 
according as the leakance G is approximately proportional to or ap- 
proximately independent of the frequency.6 The corresponding 
forms of the equation for the relative impedance w are 


; (27 ir 28 
)r by+tr 

These are seen to be of the same functional forms as (19) and (20) 
respectively; with w corresponding to K, r to to k®, and to ¢?. 


*It will be noted that } is the same as already defined by (7); 5: is related to d; 
and F, is related to F, which has already been defined by (2). 
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In other respects, however, there are marked differences: K is an 
impedance, while w is a pure number, being the ratio of K to V R/wC: 
E, though approximately proportional to the frequency, is not a pure 
number (for it is not dimensionless), while r is a pure number, being 
the ratio of the general frequency to any fixed frequency; of the para- 
meters, k? is very different from F;, and 0); is very different from g?. 
The fact that (27) and (28) are of the same functional forms as (19) 
and (20) respectively renders formally applicable the material per- 
taining to equations (19) and (20) given in Appendix A. 

As already remarked, the effect of leakance in cables is usually 
extremely small except at very low frequencies. Hence in the graphi- 


3 “ 
RELATIVE IMPEDANCE K/Ky| OF 


NON-LEAKY CABLES 


cal representation of formulas (27) and (28) it will suffice for most 
purposes to confine ourselves to the limiting case of no leakance 
(G=0, and hence b=0 and },;=0), when these two equations reduce 
to the same form, namely, 


F\—i/r. (29) 


This has the same functional form as (21), with w corresponding to 
K,r to E, and F, to k®; a circumstance rendering formally applicable 
the material pertaining to equation (21) given in Appendix A. The 
curves in Fig. 4 represent the two components wu and v of w as functions 
of r with F; as parameter. 
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Part 
NETWORKS FOR SIMULATING THE IMPEDANCE OF SMOOTH LINES 


Under this heading will be described the various networks devised 
by the writer, for simulating the characteristic impedance of smooth 
lines, as mentioned in the latter part of the INTRODUCTION. Before 
proceeding to the systematic description of these networks, some of 
their practical uses will be mentioned. Foremost of these is their 
employment for balancing purposes in connection with 22-type re 
peaters, already spoken of in the INrROpUCTION. Another application 
is for properly terminating an actual telephone line in the field or an 
artificial line in the laboratory, usually for electrical testing purposes 
or electrical measurements on the lines. In making certain tests 
on apparatus normally associated with a telephone line, such line 
may be conveniently represented for impedance purposes by the ap- 
propriate simulating network. 

Some of tie networks to be shown are potentially equivalent in 
impedance; but may differ somewhat in cost, space occupied, ete. 
For the purpose of this paper any two networks will be called ‘* po- 
tentially equivalent’ if, when the elements of either network are 
assigned any arbitrary values, the other network can be so pro- 
portioned as to have at all frequencies identically the same impedance 
as the first network. Evidently the mathematical condition for 
such equivalence is that the expressions for the impedances of the two 
networks have the same functional forms when the frequency is re 
garded as the independent variable. The two networks will then 
have the same number of independent parameters, or degrees of 
freedom for adjustment; and this number is the same as the mini- 
mum number of elements requisite for the construction of a network 
to have identically the impedance of the given network. 

For most of the networks described, there are included design- 
formulas for the values of the network elements (resistances and 
capacities). But in any applications requiring the highest simulative 
precision attainable with such networks, these formulas should be 
regarded merely és first approximations serving to reduce the requisite 
detailed design-work down to a relatively’ small amount but not 
permitting it to be dispensed with entirely; for the best values of the 
network elements depend somewhat on the particular frequency- 
range involved, and on the preassigned weighting of the desired 
simulative precision with respect to the frequency. Moreover, these 
formulas completely ignore leakance; while actually leakance may 
not always be quite negligible. even in the voice frequency-range. 
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A supplementary semi-graphical method as an aid to finally arriving 
at the best proportioning of the networks will be found outlined 
in Appendix C. 


The Basic Resistance and the Excess Simulator 


The first approximation to a network for simulating the character- 
istic impedance A of a smooth line is evidently a mere resistance Ry 


(C) « 
Ry 


lig. 5 Synthesis of the General Form of Complete Network. (a). Basic Resist- 

ance Element &, for Simulating Nominal Impedance. (b). Excess-Simulator J 

\bstractly Symbolized) for Simulating Excess Impedance. (c¢). Complete Net- 
work for Simulating Line Impedance 


(hig. 5a) approximately equal to the nominal impedance k of the 
line, that is, 


and this is a very close approximation, for instance, in the case of 
open-wire lines at the frequencies of carrier current transmission. 

Over the voice frequency range, however, a mere resistance does 
not sutfice; since there the excess characteristic impedance K —k is 
not negligible, particularly at the lower frequencies. But the re- 
sistance R, equal to the nominal impedance may be retained as the 
natural basis of a network if it is supplemented by an element or 
elements such as to approximately simulate the excess characteristic 
impedance. Such a supplementary network is here termed an “ ex- 
cess-simulator “7, and is symbolized abstractly by Fig. 5b; while 
hig. 5c represents the corresponding complete network consisting of 
the basic resistance R, in series with the excess-simulator, whose 
impedance is denoted by J. The requisite excess-simulator is obvi- 
ously less simple in structure and proportioning than the mere basic 
resistance; whence most of the remainder of this paper will be con- 
cerned with various specific types of excess-simulators. 

7 But in practice the term ‘“‘low frequency corrector’’ has become rather firmly 


established. It was suggested by the fact that the excess impedance to be simulated 
is largest at relatively low frequencies. 
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The Simplest Excess-Simulator, and Complete Netzcork 


The simplest type of excess-simulator is a mere capacity C) (Fig. 6b 
This is adequate only for those lines whose excess characteristic 
resistance is negligible; as, for instance, large gauge open-wire lines, 
and even then not at very low frequencies. The capacity Cy is eap- 


1 


(C) © 
R 


hig. 6—Synthesis of the Simplest Type of ( omplete Network i). Bas Lesist 
ance b). Excess-Stmulator. ( Complete Network 


able of simulating the reactance NV of such a line rather closely, and 
its proper value for that purpose is approximately 


although the most suitable value depends somewhat on the specitic 
frequency-range involved. The complete network (Fig. tc) thus 
consists merely of a resistance R; and a capacity C, in series with each 
other, having approximately the values expressed by (30) and (31). 
The simple network in Fig. 6¢ was devised a good many years ago.” 
The majority of present-day applications require such high simulative 
precision that the excess characteristic resistance of the line is not 
negligible, and also a mere capacity does not in all cases simulate 
the excess characteristic reactance quite as closely as desirable. To 
meet these needs there have been devised the much more precise, 
vet fairly simple, excess-simulators and complete networks described 
under several of the following headings. 


Two Precise Types of Excess-Simulators, and Their Limiting Forms 


Fig. 7 represents two potentially equivalent | excess-simulators 
that in most cases adnut of such proportioning as to simulate with 


*See Appendix B for the derivation of formula (31) for Cy, and incidentally formula 
30) for Ri; and for a discussion of the simulative precision of this network; also 
for the values KR,’ and Cy’ requisite for exact simulation at any preassigned single 
frequency, 

9—In 1913. U.S. Patent No. 1,167,694 of January 11, 1916, 

In comparing networks as to equivalence | have found very useful the general 
wave-filters 


theorems on equivalence given by O. J. Zobel in his paper on elect 
in the January Number of this JoURNAL, pages 45-46. 
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the requisite high precision the excess characteristic impedance of 
the line; the complete network then consisting of either of these excess- 
simulators in series with the basic resistance clement R, of Fig, 5a. 

In any specific application the most suitable values for the elements 
constituting either of the two excess-simulators in Fig. 7 depend 


Co _,Cs 
R, C3 Re 


Fig. 7-——-Two Potentially Equivalent 3-Element Excess-Simulators Possessing High 


Simulative Precision for Most Applications, Except at very Low Frequencies 


somewhat on the particular frequency-range involved, and also on 
the weighting of the desired simulative-precision with respect to the 
frequency. As might be expected, therefore, the work of determining 
closely the best combination of values for the elements of the excess- 
simulator can hardly avoid a certain amount of tentative detailed 
design-work; but usually this can be reduced to a relatively small 
amount by a semi-graphical method such as outlined in the latter 
part of Appendix C. Moreover, first-approximation values that will 
usually prove to be rather close, can be quickly found by means of 
the following approximate design-formulas (82), ... (37), which are 
explicit except for containing the single undetermined parameter D. 
These formulas are such that the excess-simulator will possess high 
simulative-precision at large and even fairly large values of F, for all 
physcially admissible values of D (04D 21); and at the lower values 
of F will have a considerable range of adjustment by means of D, whose 
optimum value can be readily determined from inspection of Figs. 8 
and 9, as described below. The above-mentioned approximate design- 
formulas for the elements of the two excess-simulators in Fig. 7 are": 


_ 
Cy= R (32) 
R ’ (33) 
L 
R; (34) 


"The first part of Appendix C gives the derivation of these formulas, and also 
the equation of the curves in Fig. 8. 
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I-D R 
Cy = (36 
Ry = D2 37 


When the excess-simulator is proportioned in accordance with these 
design-formulas the corresponding complete network consisting of 
such excess-simulator J in series with the basic resistance Ry = WLC 
will possess the simulative precision represented by the set of graphs 
in Fig. 8, which shows the percentage impedance-departure 6 of the 


2 | 


SIMULATIVE PRECISION (PerceNTace) 


10 -4{ OF THE NETWORKS IN FIG. 11. WHEN 
PROPORTIONED IN ACCORDANCE 
WITH FORMULAS (82),...(37). 


complete network R,+J from the line-impedance A, as function of 
F with D as parameter. In any specific case, where, cf course, the 
F-range would be known, inspection of these graphs (Fig. 8) enables 
the best value of D to be readily determined, and the corresponding 
resulting precision 6 to be seen as function of F. The curves show that 
the best value of D is determined by the lowest value of F contem- 
plated, since the departure 6 is largest at small values of F and rapidly 
decreases toward the larger values of F. It will be noted that the 
curves for the limiting values )=0 and D=1 have been included 


8 
3 
i 
: 
| 
| 
4 
| 
| 
\ 
\ { 
| 0 2 4 6 6 W ce 
/R 
( a) 
Fig. 8 
| 
| 


BELL SYSTEM TECHNICAL JOURNAL 


in Fig. 8; the corresponding limiting forms of the excess-simulators 
are considered a little further on. 

hig. 9, derived trom Fig. 8, represents the optimum value of D 
as function of Fy and shows also the corresponding minimum de 
parture 6,, of the complete network. Tf D is chosen to be the optimum 


OPTIMUM VALUE OF D (OPT, D) 
IN THE DESIGN-FORMULAS(32)....(37) 
1.0 PERTAINING TO THE NETWORKS IN FiG.||, 10 
ALSO THE CORRESPONDING PRECISION Srp. 
8 8 
Opt.D Sm 
6 6 


0 4 6 2 16 20 24 


value at any fixed /, the resulting network will have at that F exactly 
the departure shown on Fig. 9, but at all other values of F will, of 
course, have departures larger than those on Fig. 9. 


It should be noted that these statements regarding the departures 
pertain to the network when the excess-simulator is proportioned in 
accordance with formulas (32), .... (387). As those are only first- 
approximation formulas, the ultimate precision attainable will usually 
be better, and may be adjusted to possess a somewhat different dis- 
tribution over the frequency-range. 

Although the two excess-simulators in Fig. 7 are potentially equiva- 
lent as regards impedance there is a slight choice between them from 
the viewpoints of cost and space eccupied. For it is readily seen by 
mere inspection of the networks at zero frequency that when they have 
equal impedances the total capacity C2.+C,; of the excess-simulator 
in Fig. 7a is equal to merely the capacity C, of the excess-simulator 
in Fig. 7b, thus leaving Cs in excess. As regards the relative magni- 


tudes of their various elements the two excess-simulators can be 
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readily compared by means of the tollowing equations (3S) derived 
from (32), . . . (37): 


D G G NR, 

Fig. 10 represents the two limiting forms of the excess-simulators 
in Fig. 7, corresponding to the limiting values 0 and 1 of the para- 
meter 2) occurring in the design-equations (32)... (37). For 
D=0 the limiting form is that in Fig. 10a, and will be recognized as 


C=C 


D=1 TRE R 


Fiz. 10 —The Two Limiting Forms of the Excess-Simulators in Fig. 7, Corresponding 


to the Limits 0 and 1 of the Parameter /) 


the simple excess-simulator already shown in Fig. Gb consisting of a 
mere capacity C; having the value expressed by (31); while for = 1 
the limiting form is that in Fig. 10b, and is thus of the same form as 
one mentioned below, under the heading Wodifications for Very Lox 
Frequencies, as being capable of furnishing approximate simulation 
extending down to zero frequency. The departure-curves for these 
two limiting forms (D=0 and D=1) are included in Fig. 8, as already 
mentioned; and from them it is seen that the form in Fig. lOb (D=1) 
possesses much higher simulative precision than the form in Fig. 10a 
(D=0)—as would be expected. 


Four Precise Types of Complete Networks, and Their Limiting Forms 


Figs. lla and 11b represent the two potentially equivalent com- 
plete networks that can be constructed from the basic resistance 
R, of Fig. 5a, and the excess-simulators in Figs. 7a and 7b respectively ; 
and hence having for their elements approximately the values ex- 
pressed by equations (30), (82), . . . (37). 
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Figs. Lle and 11d represent two other complete networks that also 
are potentially equivalent to those in Figs. lla and 11b". 

Appendix D gives the three sets of formulas expressing the values 
of the elements constituting the networks in Figs. 1lb, llc, 11d re- 


R, Cz Rg Co 


Fig. 11—Four Potentially Equivalent 4-Element Complete Networks Possessing 
High Simulative Precision for Most Applications, Except at Very Low Frequencies 


spectively, in terms of the elements constituting the network in 
Fig. lla, when those four networks have equal impedances. 

Although the four complete networks in Fig. 11 are potentially 
equivalent as regards impedance there is some choice among them from 
the viewpoint of cost and space occupied. For it is readily seen by 
mere inspection of the networks at zero frequency that, when they 
have equal impedances, 


Cy= Ce. (39) 


Thus the networks in Figs. lla and 11d have the same total capacity; 
and this is less than the total capacity of the network in Fig. 11b 
by the amount Cs, and is less than the total capacity of that in Fig. llc 
by the amount C;. Similarly by mere inspection of the networks at 
infinite frequency it is seen that 


(40) 


the G's being the reciprocals of the R’s and thus being the corre- 
sponding conductances. 

Before leaving Fig. 11 it may be noted that the network in Fig. 11d 
has the same form as though obtained by connecting in parallel two 
networks having the same form as Fig. 6c but with elements R,’, C,’ 
and R,”’, C,”, say. Now it is known that, in most applications, the 


"In connection with Figs. 11b and 1le the network shown in U. S. Patent No. 
1,240,213 of September 18, 1917 may be of some interest. 
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network in Fig. 11d has much higher simulative precision than that 
in Fig. 6c. These considerations suggest the possibility of attaining 
still higher precision by connecting in parallel several such networks, 
having constants Ci: Ky", Cy’: Ry", 

Fig. 12 represents the two limiting forms of the network in Fig. 11, 
corresponding to the limiting values 0 and 1 of the parameter D 
occurring in the design-equations (32), ... (387). For D=0 the 


limiting form is that represented in Fig. 12a,and this will be recognized 


(C) 
C, 


Fig. 12—The Two Limiting Forms of the Networks in Fig. 11, Corresponding to 
the Limits 0 and 1 of the Parameter D. Networks (b) and (c) are Potentially 
Equivalent 


as the simple 2-element network already shown in Fig. 6c; while for 
D=1 the limiting forms are the two potentially8equivalent 3-element 
networks represented in Figs. 12b and 12c, and are thus of the same 
forms as two mentioned below, under the heading Modifications for 
Very Low Frequencies, as being capable of furnishing approximate 
simulation extending down to zero frequency. The values of the 
elements of the network in Fig. 12c¢ in terms of the elements of the 
network in Fig. 12b, for equivalence of these two networks as regards 
impedance, are 


Rs = R, R, 3R;,, 4} } 
R; = R\(1+R,/R;) =3R,/2, 42) 
C» 


= (43 


“1= 


Thus the network in Fig. 12c¢ requires only four-ninths as much 
capacity as the network in Fig. 12b. 
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Modifications for Very Low Frequencies 


Thus far the present paper has dealt with the characteristic im- 
pedance of smooth lines as distinguushed from their sending-end 
impedance, strictly speaking. The two are closely equal when the 
lines are electrically long, which is usually the case for the telephonic 
frequency range; but at very low frequencies the sending-end im- 
pedance of even a rather long line may depend very greatly on the 
distant terminating impedance and hence depart widely from the 
characteristic impedance. In case the terminating impedance is 
conductive to direct current the sending-end impedance of even a 
strictly non-leaky line would have a finite value at zero frequency; its 
resistance component evidently being equal to the total line-wire 
resistance plus the terminating resistance, while its reactance com- 
ponent would, of course, be zero. Actually, on account of line leak- 
ance, the resistance component would be somewhat less; and in case 
the distant terminating impedance permits no passage of direct cur- 
rent the sending-end impedance of the line at zero frequency would 
depend largely on the line leakance. 

Most of the simulating networks thus far described were devised 
primarily with regard to the voice range of frequencies, without refer- 
ence to frequencies very far below that range. At very low fre- 
quencies these networks become unsuitable because their impedance 
is not only much too large but also has not even approximately the 
proper angle. There have not been many occasions for modifying 
the networks so as to extend their range of simulation down toward 
zero frequency; but it seems likely that in most cases the requisite 
modification in the network impedance could be attained, at least 
roughly, by shunting the excess-simulator (Fig. 5b) with a mere 
resistance S’ approximately equal to the zero-frequency sending-end 
resistance of the line diminished by the resistance R, of the basic 
resistance element. Clearly this modification will give the network 
the desired impedance at zero-frequency, without affecting its im- 
pedance at infinite frequencies; since the impedance of the unshunted 
excess-simulator is infinite ° at zero-frequency and is zero at infinite 
frequencies. At the intermediate frequencies the resulting modif- 
cation would doubtless be slight except toward the lower frequencies, 
where it would increase more and more rapidly as zero-frequency is 
approached. Of course, the addition of the modifying element .S’ 
would usually entail some alterations in the proportioning of the 


1S Except for the limiting form in Fig. 10b. 
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original network, as indicated by Fig. 13a, where the altered values of 
J and R, are denoted by J’ and R,’ respectively. 


Fig. 13—Two Potentially Equivalent Modifications for Extending Range of Simula 


tion Down to Zero Frequency. (a). Modification by Shunting the Excess-Simul 
J’, (b). Modification by Shunting the Complete Network 


Fig. 13b represents an alternative but potentially equivalent form 
of modification, obtained by shunting the original form of network 
(Fig. 5¢) with a resistance S’; and the conditions for equivalence are 


14 


Since the shunts S’ and S” are potentially equivalent in their effects 
their simultaneous application would be potentially equivalent to 
the application of either alone. 

Thus tar the suggested modifications have been stated only with 
reference to the excess-simulator regarded abstractly. When the 
specific structure of the excess-simulator is regarded, the moditication- 
can take several different forms which, for any one excess-simulator, 
are equivalent as regards impedance. Certain of these are noted in 
the following paragraphs: 

Among the modified excess-simulators will evidently be found one 
having the limiting form already depictec in Fig. 10b. 

Fig. 14 represents by (a) and (b), respectively, the $-clement 
excess-simulators in Figs. 7a and 7b moditied by the shunt resistance 
S’, and thereby converted to 4-element excess-simulators. Figs. 14 
and 14d represent two other 4-element excess-simulators that are 
potentially equivalent to those in Figs. I4a and I4b as regards im- 
pedance. 
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Before leaving Fig. 14 it may be noted that the excess-simulator in 
Fig. l4d has the same form as though obtained by connecting in 
series two of the simple form of modified excess-simulator in Fig. 10b 


having elements C2’, Rs’ and Cy", Rs", say. This observation suggests 


(a) 


(c) 


Fig. 14—Four Potentially Equivalent 4-Element Excess-Simulators Embodying 
Shunt-Resistance Modifiers for Extending the Range of Simulation down to Zero 
Frequency 


the possibility of attaining still higher simulative precision for a 
modified excess-simulator by connecting in series several such simple 
modified excess-simulators. 
Among the modified complete networks will evidently be found two 
having respectively the forms already depicted in Figs. 12b and 12c. 
Fig. 15 represents four potentially equivalent complete networks 
derived from Fig. 11d by application of a shunt resistance SS’. The 


(a) | (b) 


Fig. 15—Four Potentially Equivalent Complete Networks Embodying Shunt-Re- 
sistance Modifiers for Extending the Range of Simulation Down to Zero Frequency 
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forms in Figs. 15e and 15d, though each containing a superfluous 
element, are of interest because they have the same forms as though 


‘obtained by connecting in parallel two networks of the forms already 


depicted in Figs. 12c and 12b respectively. 


Modifications For Leaky Lines 


For lines whose leakance is not quite negligible a study of the 
formulas and graphs of the line impedance indicates that the effects 
of such leakance can be sufficiently taken into account by a mere slight 
reproportioning of the network without the addition of any further 
clement, except that a small series inductance might be a slight im- 
provement in those cases where the leakance increases rapidly with 
the frequency. 


APPENDIX A 
EQUATIONS OF THE COMPONENTS OF THE LINE IMPEDANCE 


This Appendix contains the equations for the rectangular compon- 
ents and the equation for the angle of the relative impedance z and of 
the impedance A, corresponding to most of the various forms of the 
equations employed in this paper for expressing s and A. It thereby 
includes the equations for all the graphs employed in representing 
zand A. It contains also the equations for the network of curves of 
zand K in the complex plane for certain of the more important limit- 
ing cases involving not more than one parameter. 

With regard to the notation it will be recalled that s=x+iy and 
K=M-+iN. The angles of sand K will be denoted by ag z and ag K, 


respectively, ‘‘ag’’ being an abbreviation for ‘tangle of". 
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1+iF 
Equation (11): 2= =. 
Natilk 
2(a?-+ F?) 
(l—a)F 
2), 
2(a°+ F*)x 
(l—a)F 
ags tan-! 
= a+F? 
I:quation (12): 2=+/1-1/F; 
| rer 
v2 \ 
y 
2 
x 
SF? (x+1)x? 
ags=—} cot—'F. 
The relation y= — V x°—1 can be written in the form 
| 


y 
which shows that »—1 is always smaller than —y; and is very much 
smaller except at small values of F, where the two approach equality 
as F approaches zero. 

The locus of ¢ in the wy-plane is the hyperbola x*7—y?=1. For any 
preassigned value of F the corresponding values of x and y on this 
locus can be accurately calculated by means of the above equations 
for x and y. For any pair of values of x and y situated on this locus 
the corresponding value of F is given by F=—1 2yy. 


K = mtn 


b+REAV 
i 


Equation (19): 


M= \ 


1—bRE 
1—bRE 
ag k tan bLRE 
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Equation (20) K = \ eet 


o2 + b2 bth?) (ott 
+ (1+ RE?) (gt 


2 #2) 


N= 
ag K = —} tan"! 
Equation (21): K=vVk*-i 
M= k*+1/E*, 


V2 \ 
» 
Si? (M+R) 


ag K=—} cot—! RE. 


The relation N= — V can be written in the form 


M—k 
—-N N M+R 


which shows that J/—& is always smaller than — NV, though the two 
approach equality when FE approaches zero. 

The network of curves of A in the J/N-plane are the equi-k curves 
consisting of the family of hyperbolas N?=, and the equi-k 
curves consisting of the family of hyperbolas =—1 2k. 


APPENDIX B 
ON THE SIMPLE TYPE OF COMPLETE NETWORK (FIG. 6 


The network in Fig. 6c¢ consisting of a resistance Ry and capacity 
C; in series with each other and having the values expressed by equa- 
tions (30) and (31) was originally arrived at by working with values of 
F large or at least fairly large compared with unity; for then, by 
equation (12), the characteristic impedance A has approximately the 
value. 


K =k—ik/2F. (1-B) 
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This represents K as having a resistance component k that is inde- 
pendent of frequency, and a reactance component —k,/2F that is 
negative and inversely proportional to the frequency f (since F=wl/R) 
and thus leads exactly to the values of R; and C; expressed by (30) 
and (31), whence the impedance of this network is exactly equal to 
the approximate value of the line impedance expressed by (1-B). 

To obtain more precise and comprehensive knowledge regarding 
the simulative precision of this network its exact impedance k —ik/2F 
will here be compared with the exact value of the line impedance 
when leakance is neglected). For this purpose it is convenient to 
employ the line impedance in the form 


K =xk—tk/2xF, (2-B) 


obtained by means of the relation y= —1 2Fx found under equation 
(12) in Appendix A. The equation (2-B) shows that to exactly simu- 
late the line impedance by a resistance R,’ and capacity Cy’ in series 
with each other these would have to possess the values 


Ry =xVL/C, (3-B) 


(4-B) 


which differ only by the factor x from the values of R; and Cy ex- 
pressed by (30) and (31). Thus the ideal resistance R,’ and capacity 
Cy’ for exactly simulating the line impedance would vary with F in 
precisely the same way as x varies with F. Moreover the ratio of 
these ideal values to the fixed values of R; and C; expressed by (30) 
and (31) is merely x. By reference to Fig. 1 (with b=0) it will be 
seen that, except at small values of F, the factor x is nearly inde- 
pendent of F and is only slightly greater than unity. Thus the values 
of R, and C; determined by means of equations (30) and (31) are 
slightly too small at all frequencies; while the values determined by 
means of equations (3-B) and (4-B), for any specified frequency 
(by inserting the appropriate value of x), are slightly too small at 
lower frequencies and slightly too large at higher frequencies. 
Since (3-B) can, by (30), be written in the form 


(5-B) 


and since x is always greater than unity, it is seen that the simulation 
can be somewhat improved by supplementing the excess-simulator 
with a small series resistance element Ri, the ideal value of which 
would be 


Kyi = (x-LVL (6-B) 
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Actually, since x varies with frequency, Ry; is limited to some com- 
promise value. In practice R,,; would usually be combined with 
the basic resistance R,, though the functions of the two are distinctly 
different. (If the requisite value of R,,; were negative, R; would 
merely be decreased by that amount.) 


APPENDIX C 


ON THE PRECISE TYPES OF EXCESS-SIMULATORS (FIG. 7 
( 


The two sets of formulas (32), (33), (34) and (35), (36), (37), rep- 
resenting first-approximations to the proper values of the elements 
constituting the excess-simulators in Figs. 7a and 7b respectively, 
were originally obtained by working with values of F large or at 
least fairly large compared with unity; for then, by (13), the excess 
characteristic impedance K —k has approximately the value 


k k 
2F 
while, at large or fairly large values of 7, the impedance J =P+iQ 
of each excess-simulator in Fig. 7 can be expressed approximately 
by the equation 
(2-¢ 


derived from the exact equation (16-C) below, in which ft, Po, and 7 
have the values defined by the following two sets of equations (3-C), 
(4-C), (5-C) and (6-C), (7-C), (8-C) for the excess-simulators in 
Figs. 7a and 7b respectively : 


t=C2/C3, (3-C) Cs 6-€ 

R; 

(1-2)? 


Po thus being the value of P at w=0. Comparison of the approxi- 
mate equations (1-C) and (2-C) gives immediately 


8F, (9-C) 
(l+0)Po T=k/2F, (10-C) 


as the two conditions that are necessary and sufficient for (approxi- 


mate) equality of J and K—k& at large values of F and 7. This pair 
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of equations is equivalent to the more convenient equations (11-C), 


&Po 


(11-C 
k 


Thus the ratio of 7 to F is fixed as soon as either for Py k is fixed, 
It will be convenient to adopt VW Po, 2k as the arbitrary quantity and 
to denote it by D, so that 


D =*\ Po 2k, (12-C) 


whence CES=C) 


and (15-C) 


and (14-C) 


Since only positive values of f and D are physically admissible, equa- 


tion (14-C) shows that the admissible range of D is 0. to 1. 

From (13-C), (14-©), (15-C) and the defining equation F=wlh R 
the two sets of equations (32), (83), (84) and (35), (36), (37) follow 
readily from the two sets of defining equations (8-C), (4-C), (5-C) and 
(6-C), (7-C), (8-C), respectively. 

The formula for plotting the curves in Fig. 8 depends on the exact 
equation for J) Py which is 

(16-C) 

By substituting herein the values of Po, f, and 7 expressed by (13-C), 
(14-C), (15-C) the equation for J k becomes 


J .14+16D?F?—D 
which is thus the exact formula for the relative impedance J k of 
each of the excess-simulators in Fig. 7 when these are proportioned in 
accordance with the formulas (32), . (87). 

A semi-graphical method will now be outlined in the remainder of 
this Appendix. In this method the ratio 7) f is of frequent occur- 
rence and will be denoted by d. Then, recalling that P+i10=J, it 
will be seen from equation (16-C) that P) Py depends only on f and d; 
while Q Po depends on f, d, and ¢. These observations are the basis 
for the method now to be described for evaluating the three para- 
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neters Po, d, and t which implicitly determine the clements of the 
xcess-simulators in Fig. 7. 

In the first step of this method the two parameters d and P, are 
chosen that the resistance component P of the excess-simulator 
will be approximately equal to the excess resistance JJ —k of the line- 
impedance K, over the specific f-range contemplated, or else will 
differ therefrom by a nearly constant amount, which can be approxi 
mately simulated by a mere series resistance clement. In the second 
step of the method the remaining parameter, f, is so chosen that the 
reactance component Q of the excess- simulator will be approximately 
equal to the reactance N of the line impedance, when d and Py have 
the pair of values already chosen in the first step. The technical 
procedure in these two steps may now be formulated explicitly as 
follows: 

First, over the contemplated f-range, plot a set of curves represent- 
ing P) Py as function of f with d as parameter: and on the same sheet 
aset of curves representing (.17—k) Po as function of f with Py as para- 
meter. To evaluate d and Py choose (by interpolation, if necessary 
such Py-curve and (.AJ—k) Po-curve as most closely coincide. A 
preliminary idea regarding the useful ranges of d and Py can be readily 
obtained from the approximate formulas (15-C) and (13-C), together 
with Fig. 

Second, on another sheet plot as function of f that particular V P,- 
curve having as parameter the value of Py already found in the first 
step. With this value of Py and the corresponding value of d, as 
found in the first step, plot also a sufficient set of Q > Py-curves as 
function of f with fas parameter to tind the one that coincides most 
closely with the single Py-curve already plotted. To abridge 
this step tentative values for f can be readily obtained from the ap- 
proximate formula (14-C), together with Fig. 8S. But the useful 
range of fcan be demarcated more closely by solving tor ¢ the equation 
obtained by equating the expressions for Q and V: the value for ¢ 
thus found is |! 


d*f? 


Po 4. 


This may even be plotted, as function of f, to see whether the requisite 
value of ¢ varies much in the contemplated f-range. 

If the best compromise value of ¢ found in the second step is un- 
satisfactory as regards simulation of V by Q, it will be necessary to 
revert to the first step, choose some other pair of values for d and 


4 Tt will be recalled that the line-reactance N is practically always negative 
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Py, and with these repeat the second step. In this connection it 
should be noted that, in the first step, it is not necessary to choose 
the Po-curve and Po-curve which most closely coincide: 
on the contrary it suffices to choose two curves that are closely paralle! 
(that is, have closely equal slopes at each f). For, corresponding to 
the nearly constant distance between such two curves, it will only be 
necessary to supplement the excess-simulator with a series resistance 
element Ry, -which will thus in the complete network be also in series 
relation to the basic resistance R; and hence can be merged therewith 
(even when the requisite R,; is negative, provided it is less than R 
in absolute value). 

After the parameters ft, Po, and d=7 f have been evaluated, the 
values for the elements of the excess-simulators in Figs. 7a and 7b 
can be readily obtained from the two sets of equations (3-C), (4-C), 
(5-C) and (6-C), (7-C), (8-C), respectively; it thus being found that 


Co=d 27(1+t)P», 
C;=d ] 
+f)’, 


C,=d/2ntP,, 


Po: 


The requisite value for the supplementary series resistance element 
is evidently 
M-k P 
Ri P,( ). 


Py Po 


which will be approximately independent of f if the curves of PP, 
and (M—k) Py chosen in the first step are approximately parallel. 
If the requisite value of Ry, is negative, the basic resistance R, will 
merely be decreased by that amount. 

For the limiting form of excess-simulator in Fig. 10b the design- 
procedure is considerably simpler, because the parameter ¢ is fixed 
(t=0). The two remaining parameters d and Py can be evaluated 
by inspection of two sheets of curves plotted as functions of f: One 
sheet containing a set of curves of P,P» with d as parameter, and 
curves of (Af—k) Po with Py as parameter; and the other sheet, 
curves of Q, Py with d as parameter, and curves of N/ Po» with Po as 
parameter. 
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Instead of f as the independent variable it may be more convenient 
to employ some quantity proportional to f (for instance, F or E); 
likewise, instead of P, Po, Ch A, N, some quantities proportional to 
them (for instance, their ratios to R). 


APPENDIX ID 


RELATIVE VALUES OF THE ELEMENTS IN THE FOUR PRECISE TYPES 
OF COMPLETE NETWORKS (FIG. 11) 


The following three sets of formulas express the values of the ele- 
ments constituting the networks in Figs. L1b, lle, 11d, respectively, in 
terms of the elements constituting the network in Fig. lla when those 
four networks have equal impedances. These formulas involve 
the two ratios and ¢ pertaining to the network in Fig. lla and de 
fined by the equations 


£=€3/ C= RK, / 
For Fig. 11b, 
R, C, 1+¢ 
For Fig. Ile, 
R, Co _1+€ 
For Fig. ld, 
Rs 
Ry 
R,; 2(1+8)-—(n-—7 
Cy 
( 
Cy C(L+&)(n+7 
(2 
where n=1+&+ 2) r= (1+8+2) 
\ 
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APPENDIX E 
ILLUSTRATIVE EXAMPLE 


The example contained in this Appendix serves two purposes 
First, it illustrates the use of two types of the general line-impedance 
graphs contained in Parts Il and TIL of the paper; second, it illus- 
trates the first-approximation design of a simulating network by 
means of the method in Part IV. 

The specific example chosen pertains to a well-insulated open-wire 
line consisting of two horizontal parallel copper wires, of No. 12 
N. B.S. gauge, having per loop-mile the constants 


R=10.4 ohms, L = 00367 henry, C= .00835x10°° farad, 


the leakance G being regarded as negligible. This particular type and 
gauge of line was chosen because it is rather extensively employed in 
practice, and also because its excess impedance is far from being 
negligible even as regards its resistance component. 

For the illustratve purposes contemplated, it will be supposed that 
it is desired to evaluate the resistance and reactance components 
Moand N of the characteristic impedance A of this line over the 
frequency-range from 200 to 2500 cycles per second; and also to 
design a network for approximately simulating this impedance over 
that frequeney-range, and to determine the simulative precision of 
such network. 

The procedure and results are indicated by the following table 
together with the supplementary description coming thereafter. 


f \ VJ N r 6 
200 «570 222 £8.22 20 
300 6696 1.19 o4 790 425 9] 16-6 2.3 
500 1 110 1 O08 $2 717 279 60 8.1 3 
SOO 1 04 27 691 179 S88 1 48 38 3.6 
1200° | 2 664 1 02 19 676 126 Rogen 1 
1600 | 3.552 1 01 14 670 93 1.776 1.43 20 1.0 1 
2000 4 440 1 Ol 12 670 80 2.220 1.43 17 6 1 
2300 5 106 1:01 1 66 2-553 1,43 14 5 1 
2500 5.550 1 01 10 O70 66 2,43 14 1 

L£ 1 0 603 0 v2 0 0 0 


The first column in the table is a set of values of the frequency f 
distributed over the specified range 200 to 2500. 

The columns headed Fy, x, —y, Af, — NV, show the successive steps in 
evaluating the characteristic impedance K = 1J+1N by means of 
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Fig. 2%, with a=0 (since the leakance G is neglected). The F- 
column was obtained from the f-column by means of the equation 
F=oL R=.00222f. Next the values of x and y were read from the 
curves a=0 in Fig. 2.) Finally Jf and N were obtained from =kx 
and N=ky, with k= WV L,C=663 ohms (whence J and N are in 
ohms). From the table it will be noted that at f=200 the excess 
resistance is about one-third as large as the nominal impedance, and 
the reactance is about nine-tenths as large as the nominal impedance. 

The columns r, uv, —v show the steps in evaluating VW oand N by 
means of Fig. 4. After choosing F, (in Fig. 4) equal to 2", the r- 
column was obtained from the f-column by means of the equation 
r=f fy=2rLf Next the values of and v were read 
off from the curves FF, =2 in Fig. 4. Finally the values of JJ and N 
were obtained from MW='\K,u and N= K,2v, with AK, =VR 
VL, CF, =469. 

The two last columns (69, 6) of the table show the percentage pre- 
cision of certain simulating networks designed in accordance with the 
first-approximation methods of this paper, and having for their ele- 
ments the values given in the last paragraph of this Appendix. 

dy pertains to the simple 2-element network in Fig. 6¢ when propor- 
tioned in accordance with equations (30) and (81). The values of 6 
were read from the curve D=0 in Fig. 8. The precision at the lower 
frequencies could be considerably improved by the addition of a small 
resistance Ry, (as already noted in connection with equation (6-B) of 
Appendix B), but with a corresponding sacrifice in the rest of the 
range. 

6 pertains to the 4-element networks in Figs. lla and ttb when 
proportioned in accordance with (30), (32), (33), (34) and (30), (35) 
(36), (37) respectively; and 6 pertains also to the networks in Figs 
lle and Id when these are proportioned, by Appendix D. so as to be 
equivalent to the network in Fig. Ila. The values of 6 were read 
from the curve D =0.55 in Fig. 8, this value of )) being known from 
Fig. 9 to be about the best. 

The values of the elements of the networks to which 6, and 6 per- 
tain will now be set down, each preceded by a reference to the cor- 
responding diagram and design-formulas : 


Fig. 6¢ —~Formulas (30) (31); Precision 4». 
R, =663 ohms, C,=1,063x10 © farad. 


18 Or Fig. 1, with 6=0; but Fig. 2 is plotted to a larger scale 
'6 F,=1 would be somewhat preferable for reading off values; but the principles 
are more clearly exhibited by choosing for F; some other value than units 
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Fig. lla—Formulas (30), (32), (33), (34); Precision 6. 
R,=668 ohms, Cy=1.063x10°° farad, C;=1.300x10 farad, 
R, = 1326 ohms. 


Fig. 11b-—Formulas (30), (35), (36), (37); Precision 6. 


R, =663 ohms, Cy =2.362x10°° farad, C; = 1.932x10~° farad, 
R;,=401 ohms. 


Note: —To furnish sufficiently high precision for most engineering applications 


the curves and the cross-section lines in the line-impedance charts would evidently 
have to be drawn at much closer intervals than has been done in the present paper, 


to exhibit the general nature of the functions involved. 


where the purpose of the charts is mainly qualitative, or only roughly quantitative, 4 
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Practical Application of Carrier Telephone and 
Telegraph in the Bell System 


By ARTHUR F. ROSE 


N 1918S it was announced that the engineers of the Bell Svstem 

had pertected carrier current telephone apparatus to such a point 
that four talking circuits had been added to one pair of wires already 
in use for telephone and telegraph communication and were being 
used commercially between Pittsburgh and Baltimore for providing 
needed telephone facilities. Since that time the growth of carrie 
application in the Bell System has been quite rapid. The purpose 
of this paper is to summarize the applications of carrier up to the 
present time and give a few typical examples where it has been found 
economical to provide circuits by means of carrier rather than by other 
types of facilities. 


PRINCIPLES OF OPERATION 


The theory of carrier current systems, together with a historical 
sketch, was presented by Messrs. Colpitts and Blackwell before the 
American Institute of Electrical Engineers in February, 1921, and 
was published in Volume XL of the Transactions of the Institute. 
For those who do not wish to go into the detailed theory given in that 
paper, it may suffice to say that in a carrier current svstem a number 
of telephone or telegraph messages are simultaneously superposed on 
a single pair of wires by means of high frequency currents of ditferent 
frequencies on which the individual messages are impressed. It 
is from this principle that the carrier current systems get their name, 
as the individual high frequency currents may be said to “carry” 
the telegraph or telephone messages. By using different frequencies 
for the cartier currents, the individual messages retain distinctive 
features which enable them to be separated one from another at the 
receiving end of the circuit. 

On account of the much higher frequencies that are used in carrier 
operation, the carrier currents are attenuated more rapidly than the 
ordinary low frequency voice currents. This requires that repeaters 
be located at frequent intervals in a carrier system. In these re- 
peaters all the carrier channels are amplified together although the 
ordinary voice frequency channel is separated out and amplified in 
its Own repeater. 
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The telephone and¥telegraph carrier systems although alike in their 
essentials differ very materially in the details of their operation. With 
the present equipment the frequencies emploved in carrier telephony 
are much higher than in carrier telegraphy, thereby requiring more 
frequent repeater stations. In both telephone and telegraph systems 
it is necessary to provide for two way operation. This may be ac- 
complished by using different carrier frequencies in the two directions 
or by using the same frequency in each direction with directional 
selectivity obtained by the three-winding coil (hybrid coil) used: in 
repeater work. In this latter case it is necessary to provide networks 


to balance the lines over which the carrier system is operated. In 
the past both of these methods have been used but the tendency ts 
now in the direction of eliminating balance entirely on account of its 
attendant maintenance difficulties and of providing for directional 
selectivity entirely by means of different: frequencies the two 
directions. 

In order to show the variations in equipment arrangements which 
have been used in carrier systems, Figs. 1, 2 and 3 have been included. 
Fig. | shows one terminal of the original Pittsburgh-Baltimore carrier 
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telephone system. In this picture it will be noted that the apparatus 
s mounted on racks about 6 feet high and occupying about one square 
foot of floor space, which are lined up in rows as space permits. Fig. 2 


-hows a terminal of a later type of carrier telephone equipment which 
was installed between Harrisburg and Detroit. In this case the ap 


paratus for a complete terminal (4 channels) is mounted on tour 
relay bays as shown. The carrier telegraph equipment shown in 
Fig. 3 is a typical installation of the latest apparatus. Here rack 
construction is used although the individual panels are considerably 
larger than the older telephone equipment. 


PRESENT DEVELOPMENT 


As pointed out by Mr. Vail in his original announcement of the 
successful development of the carrier equipment, Carrier systems are 
economical only for the longer circuits in the plant. The cost of the 
terminal equipment is so great that short circuits cannot economically 
be provided by carrier apparatus. Repeaters, for amplifving the 
high frequency currents must also be installed at frequent intervals 
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The permissible distance between these repeaters depends on the 
gauge of wire employed in the circuits on which the carrier circuits ar 
superposed. For this reason the large gauge circuits of the Bel 
System have been equipped first with the result that practically al 
the existing carrier installations are installed on the 165 mil wire- 


which are the largest generally in use throughout the Bell plant. This 
wire is largely used on the important backbone routes of the country 
and it is on these that the existing carrier circuits are superposed. 
In looking over the map of Fig. 4, which shows all the existing carrier 
installations, this fact will be noted and also that the carrier systems 
in most cases provide circuits over 250 miles in length. 

It is of interest to note that the application of carrier very com- 
pletely covers the important cross country routes. In the west the 
circuits from Portland to Los Angeles are equipped, the transcon- 
tinental line from San Francisco east to Harrisburg, and the eastern 
coast route from Bangor to Atlanta with the exception of the all cable 
sections between Boston and Washington. As each line on the map 
represents several channels the number of circuits obtained by carrier 
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does not appear as large as is actually the case. In order to give g 
better idea of the extent of the carrier application the following tabl 
has been prepared which lists all the systems shown on the map and 
totals the channel miles obtained by each system. The telegraph 
channels if placed end to end would circle the globe 3) times and 
the telephone channels would extend somewhat more than half way 


round. 
Carrier Telephone System Channels Miles Channel 
Miles 
Harrisburg-Chicago 4 742 2,908 
Boston Bangor } 250 1,000 
San Franc Los Angi les } 446 1,784 
Harrisburg-Detroit 3 605 1815 
Boston-Burlington 1 284 284 
Oakland-Portland 3 735 2,205 
Pittsburgh-Chicago 6 55) St? 
Chicago-Detroit. .. 1,308 
Potal 29 3,941 14,676 
Carrier Telegraph System Channels Miles . 
Miles 
Washington-Atlanta 8 O47 5,176 
Harrisburg-Chicago IS 749 13,482 
Oakland-Portland. .. 10 735 7.350 
Chicago-Omaha. .... 0 495 9,900 
Chicago-Pittsburgh (Via Terre Haute)... 20 634 12,680 
Chicago-Pittsburgh (Via Indianapolis Ss 588 4,704 
Key West-Havana.. 3 LS 345 
Chicago Minneapolis 10 424 4,240 
Chicago-St. Louis. . 10 333 3,330 
St. Louis-Kansas City 10 294 2,940 
Omaha-Denver 10 584 5,840 
Denver-Salt Lake. 580 4.6040 
Lake-Oakland 6 771 4,626 
San Francisco-Los Angeles 10 446 4,400 
Total 151 7,395 $3,713 
Typtcan Cases——TELEGRAPH 
It will perhaps be of interest to consider several typical cases of 
carrier installations in order to see the economies involved in. pro- 
viding circuits by carrier rather than by other methods. Taking ) 
first the carrier telegraph systems as the considerations involved ; 
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there are usually very simple, we shall consider the Pittsburgh- 
Chicago section. There are at present three carrier telegraph systems 
actually in operation between Pittsburgh and Chicago. They pro- 
vide a total of twenty-eight full duplex channels. These give service 
which could not be given otherwise as all the open-wire facilities 
between Pittsburgh and Chicago are completely equipped with 
direct’ current composited telegraph sets (to give all possible tele- 
graph channels). The layout of the carrier telegraph systems between 
these points is shown in Fig. 5. 

The above example is representative of the conditions under which 
carrier telegraph will be installed. In cases where open wire or 
cable facilities are available which can be composited with the ordi- 
nary direct current methods, the telegraph facilities can be obtained 
as a by-product most cheaply in this way. As soon as these facilities 
are all in use or an insufficient number of spare circuits remains, 
carrier telegraph can properly be used provided the returns from the 
special contract: telegraph service are sufficient to meet the annual 
charges on the apparatus itself. 

One of the carrier systems listed in the above tables is the Key 
West-Havana carrier system. The details of the telephone and 
telegraph channels obtained for the submarine cables were described 
in detail in the paper on the “Key West-Havana Submarine Tele- 
phone and Cable System” published in the journal of the A. LE. E., 
dated March, 1922.) On account of the considerable length of this 
cable and its high attenuation, the carrier equipment is special al- 
though resembling in principle the carrier telegraph apparatus used 
in our ordinary land installation. Without the carrier equipment 
it would have been possible to obtain only one telegraph channel 
on each of the three submarine cables by means of direct current 
composite sets. With the carrier apparatus it is possible to obtain 
t telegraph channels in addition to the single telephone channel. 


TypicaAL Cases TELEPHONE 


The most important application at the present time of carrier 
telephone apparatus is probably between Pittsburgh and Chicago 
where the existing open wire leads are so congested that the additions 
of further circuits would require extensive construction work and 
possibly an entirely new pole line. An engineering study of this 
situation resulted in the drawing up of plans for an aerial toll cable 
which will largely replace the open wire. Work is already well 
advanced on the installation of this cable and it will be completed 
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PRACTICAL APPLICATION OF CARRIER S) EMS i) 


within the next few vears but in the meantime, the use of carries 
apparatus enables the traffic growth to be taken care of without 
stringing wire which, under the circumstances,would be very expensive. 

There are, at present, operating between Harrisburg and Chicago, 
one 4-channel telephone system and between Pittsburgh and Chicago, 
two 38-channel systems, providing a total of 10 carrier telephone 
channels. These will be supplemented by at least two additional 
systems before the cable is completed. As soon as the cable is in 
stalled the carrier systems will probably be removed from. service 
here and reinstalled in other locations. 

In most cases the problem of prov iding additional circuits is not as 
difficult as in the section between Pittsburgh and Chicago. For 
this reason the relative economies of providing circuits by cartier 
and by the other methods must be more carefully considered. Even 
where no congestion exists, however, it will be found that where the 
circuits are long enough the carrier circuits will be cheaper than any 
other method of providing the facilities. The circuits to be provided 
must usually be several hundred miles in length before this is the 
case; also, since the cost of a carrier channel goes down as the number 
of channels installed at one time is increased it will usually be found 
that an installation of 3 channels will prove in for considerably shorter 
distances than would be necessary if a lesser number of channels are 
installed. In the practical case a complete system consisting of 
either three or four channels is usually installed at one time. 

A typical case of a carrier telephone installation where the existing 
open wire lead is not already full but where the circuits required are 
long, is the Oakland-Portland system which in conjunction with a 
short cable between Oakland and San Francisco provides San Fran- 
cisco-Portland circuits. The detailed layout is shown on Fig. 6. 
Here the cost study showed a considerable saving in annual charges 
in favor of the carrier although there was room for stringing open wire 
on the existing pole line. This system was put in service by the 
Pacific Telephone and Telegraph Company in 1921 and has since 
given very satisfactory service. 

Another type of carrier installation is one installed to defer a pro- 
posed cable project. A iong toll cable project involves the invest- 
ment of such large sums of money that deferring the annual charge on 
the cable circuit for one vear will frequently be sufficient to pay for 
and maintain a carrier svstem over the same period. Additional 
carrier systems may then be added to further defer the cable if this 
appears economical. The addition of a second system to a lead 
usually involves some considerable line expense for transposition work, 
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PRACTICAL APPLICATION OF CARRIER SYS 


however, and this may prove out the further addition of carrier. 
Even if it appears economical to install additional carrier systems, a 
point will soon be reached where the cumulative annual charges of 
the carvier svstems will exceed that of the cable. The first few svs 
tems prove in over the cable because the carrier provides only for the 
immediate circuit requirements while the cable must take care ot 
growth and therefore includes many idle facilities when first) in 
stalled. Where carrier is used to Prov ide facilities in phere e of a toll 
cable it should always be considered an intermediate and temporary 
step between open wire and cable plant. 

The use of carrier as outlined above may effect further economées 
after the apparatus has been removed as the equipment may be 
reused at some other point to advantage. A typical example of the 
use of carrier apparatus to defer a cable is the Boston-Bangor carrier 
system which was put in to defer the installation of the first section of 
the Boston-Portland cable. The layout of this system is given in 
Fig. 7. [Tt will be seen that this system is fairly short but the tirst 
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Fig. 7 ~Boston-Fangor Carrier Telephone System 


vear's annual charge on the first 50 miles of the Boston-Portland 
cable would have been sufficient to pay the entire first cost of this 
carrier project. It is possible that further carrier may be installed 


on this route before the cable is finally installed. The present system 
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has deferred the cable somewhat longer than was originally expected 
as the growth of trathe has not been quite as rapid as Was expected 
at the time of the war emergency. 

Another example of line congestion enabling the carrier to be 
proved in on somewhat shorter than the ordinary economical length 
is in case a considerable amount of line reconstruction is involved if 
open-wire circuits are added to an existing lead. A case of this 
kind was the Boston-Burlington system where a very considerable 
amount of line reconstruction work would have been involved if an 
effort had been made to add a phantom group to the existing lead. 
The use of the carrier svstem on the existing 104 mil circuits enabled 
this work to be eliminated from consideration and it is possible that 
the work will not need to be done until this section of the line is re- 
lieved by cable or other means. 

There are many cases in which the use of carrier can be considered 
a stop-gap to take care of the transient period between open wire 
and cable facilities. This has been true in the case of the former 
Baltimore-Pittsburgh system where the original apparatus has been 
removed from service as cable facilities are now available between 
these points via Philadelphia, Reading and Harrisburgh. This does 
not mean that the equipment is no longer of value, since it usually 
can be used again on some other location. Even the experimental 
panels which were used in the Pittsburgh-Baltimore system will 
probably be reinstalled within the next vear. It is now thought that 
this apparatus will be used between Chicago and Minneapolis in 
connection with some additional panels to provide for new telephone 
circuits there. 


EXPECTED DEVELOPMENT 


Looking forward for the next ten vears, it is expected that carrier 
telephone facilities will be installed at the rate of about 5,000 to 10,000 
channel miles and telegraph facilities at the rate of from 20,000. to 
30,000 channel miles per year. In the meantime development work 
may produce cheaper systems which will prove in on shorter circuits, 
thereby extending the field of use so that the rate of application may 
possibly be doubled or trebled. Even now the number of channel 
miles in service constitutes an important part of the total facilities 
of the Bell System and present a very interesting picture of rapid 
growth when compared with the beginning between Baltimore and 
Pittsburgh in 1918. 
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Machine Switching Telephone System for 
Large Metropolitan Areas 
By E. B. CRAFT, L. F. MOREHOUSE and H. P. CHARLESWORTH 


Synopsis: From the earhest forms of telephone switchboards to the 
modern types, the development of the switchboard has been marked by the 
increasing use of automatic methods to supplement the manual operation 
wherever this would result in better service to the public or more efficient 
operation. 


In addition to all that has been done in developing and introducing auto- 


matic Operations with manual switchboards, it has been found desirable and 
practicable to go further in the direction of introducing automatic opera 
tion in the telephone plant and a machine switching svstem has been 


developed in which the bulk of the connections are established without the 
aid of an operator. 

The complexity of a large metropolitan area and the exacting requirements 
which a machine switching svstem must meet are outlined briefly, and the 
system which has been developed to meet these requirements is described 

The application of the system to a typical large metropolitan area and the 
means provided for permitting its gradual introduction into the existin 
plant are discussed. 


T is the purpose of this paper to outline brietly certain important 


developments in connection with machine switching telephone 


systems and to discuss the application of the results of these develop- 
ments to the problem of providing telephone service in large metro- 


politan areas. 


The telephone was invented in 1876. 


after it was recognized that, for it to attain its greatest field of use- 
fulness, switchboards and switching centers would have to be estab 


lished for effecting interconnection between subscriber's lines. 


Almost immediately there- 


Professor Bell's vision of the future was given in a statement to 


prospective investors. He said: 


“Tt is conceivable that cables of telephone wires could be laid 


underground, or suspended overhead, communicating by branch 


wires with private dwellings, country houses, shops, manufac- 


tories, ete., ete.—-uniting them through the main cable with a 


central office where the wires could be connected as desired, 


establishing direct communication between any two places in the 


city. Such a plan as this, though impracticable at the present 
moment, will, [| firmly believe, be the outcome of the introduction 
of the telephone to the public. Not only so, but I believe in the 


future wires will unite the head offices in different cities, and 


Presented at the Midwinter Convention of the A. IT. E. E., New York, N.Y 
February 14-17, 1923. Published in the Journal of A. 1. E. E. April, 1923 
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man in one part of the country may communicate by word of 
mouth with another in a distant part. 

Believing, as | do, that such a scheme will be the ultimate 
result. of the telephone to the public, | will impress upon you all 
the advisability of keeping this end in view, that all present 
arrangements of the telephone may be eventually realized in this 
grand system.” 


EARLY DEVELOPMENTS 


The only apparatus available at that time for this purpose was 
that employed in telegraph, messenger, fire and burglar alarm services. 
Some of this apparatus, such as wire, insulators, batteries, annuncia- 
tors, etc., was found to be useful in the new art; other apparatus had 


Fig. 1 —Early Type Switchboard 


to be developed. The switchboards of that day employed this ap- 
paratus. They were small in size, and could accommodate only a 
limited number of lines. 

It soon became evident that the requirements of the telephone 
exchange service. demanded signaling and switching equipment 
different from that employed in any of the other branches of the 
electrical industry, and it became necessary to create an entirely 
new art, involving many branches of science, before commercial 
telephone service could be given on an adequate scale. The switch- 
boards grew from small boards, capable of handling a few lines, as 
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MACHINE SWITCHING TELEPHONE SYSTE. 


shown in Fig. 1, to the very complex arrangements providing signaling, 
switching, and transmission facilities for as many as ten thousand 
lines Ina single board, of the type shown in | ig. 2. 

As the subscribers increased in number it was found that bevond 
a certain point it Was no longer prac tieable or economt al to have all 
of the subscribers’ lines brought to one center. It was therefore. 
necessary to have several centers, the number depending upon many 
factors, the most important of which are the size and telephone needs 
of the community, 


Fig. 2-—Modern Type Common Battery Switchboard 


The consequence of all this is that in large metropolitan areas the 
number of centers is large, and the trunking system complex, as each 
center must be provided either directly or indirectly with trunks to 
every other center. 

As an illustration, take the New York Metropolitan area, shown in 
Fig. 3, where the telephone plant is of the greatest intricacy because 
of the very large number of subscribers served. There are at the 
present time 158 central office switchboards, many of them having 
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equipment for 10,000 lines. These offices and the associated plant 
provide for intercommunication between 1,400,000 telephones, and 
approximately two trillion possible connections. It is estimated 
that by the year 1940 there will be 300 central office switchboards 
within the New York Metropolitan area, serving some 3,300,000 tele- 


phones— or nearly two and a half times the present number. 


NEW JERSEY 


STATEN (ISLAND 


Fig. 3—Map Showing Location of Central Offices in New York Metropolitan Area 


MANUAL SWITCHBOARDS 


The system most commonly employed today for connecting sub- 
scribers’ lines together is the so-called “manual” system; that is, a 
system in which operators are employed to make the actual connec- 
tions between subscribers’ lines, although so many of the functions 
are performed automatically that, except in name, it is to a large 
degree automatic. 

It is a long step from the early switchboards to the modern common 
battery multiple manual switchboards. The history of the develop- 
ment of switchboard equiprient and apparatus shows that enormous 
progress has been made in this art in a comparatively few years. 
As the telephone subscribers have grown in number and as the amount 
and complexity of the trathe have increased, it has been only by the 
most intensive development that it has been possible to keep ahead of 
the demand for telephone service, and that telephone engineers have 
been able to get the speed, efficiency and accuracy that are obtained 
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MACHINE SWITCHING 


today in so-called manual operation. It is worthy of note in this con 
nection that the attainment of these ends was made possible by the 
extensive introduction of automatic features. 

A very brief description at this point of the tvpe of manual switch 
board more commonly employed will be helptul. 

In this switchboard the subscriber's line terminates at the central 
office in) so-called “sacks. Associated with each line is a lamp, 
individual to it, which automatically lights when the subscriber 
removes his receiver from the hook. This serves as a signal to the 
operator that a connection is desired. 

The operator answers this call by inserting one end of a cord in the 
jack associated with the calling subscriber's line, operates a listening 
key which connects her telephone set to the subscriber's line, and asks 
for the number desired. When this is obtained the operator com 
pletes the connection by inserting the other end of the cord in the 
jack of the desired subscriber's line, and the subseriber’s bell is rung 
Suitable lamp signals are provided so that the operator may know 
when the called subscriber answers, when either subscriber desires 
further attention, or when either or both of them have tinished talking 
and have hung up their receivers. 

If the subscriber desired is connected to a distant office, the operator 
receiving the call would, instead of plugging directly into the subscrib 
ers line, directly connect the subscriber's line to a trunk terminating 
in the desired office, where the connection would be completed by a 


second operator, known as the “B” operator, as shown in Fig. 4 


) Line Lamp 7 
Calling Subscriber 2 Supscr ner 
i 
J 
A BOARD B BOARD 


Fig. 4— Diagram Showing Manual Interothce Connection 


Such communication between the two operators as is necessary. to 
establish this connection takes place over a special pair of wires known 
as a “call circuit.” 
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The method, of which the above is a bare outline, is that used in 
completing ordinary connections. Different arrangements and differ- 
ent operating methods have to be provided for handling short haul 
toll calls, long distance calls, calls from coin boxes, and calls of many 
other kinds. 

In the simplest types of manual systems, the subscriber, in order 
to signal the central office, turns a crank thus operating a magneto 
generator. ‘This throws a drop in front of an operator at the central 
office. In the switchboards developed to meet the needs of the larger 
areas, electric lamps are substituted for the drop, and relays auto- 
matically controlled by the subscriber bring them into play at the 
proper time. Electric lamps which serve as visual signals to. the 
operator to indicate the status of the connection are also associated 
with the cords that the operator uses for connecting subscribers 
together. The operation of these lamps is automatic and is under 
the control of the switechhook at the subscriber's station. 

Many other arrangements of an automatic character have been 
developed and are used as occasion requires not merely because 
they are automatic in character but only when it has been established 
that they make for better service to the public or for ethiciency and 
economy of operation, or both. Among these may be mentioned 
automatic ringing, automatic listening, and many forms of automatic 
signaling. Many of these arrangements are highly ingenious and 
contribute greatly to the efhciency and economy of operation. Thus, 
the trend of switchboard development has been more and more in 
the direction of automatic operation and automatic methods. 

In addition to all that has been done in developing and introducing 
automatic operation with so-called manual switchboards, it has been 
felt for a long time that in large and complex telephone areas, such for 
example as New York City, the time would ultimately come when it 
would be desirable to go further in the direction of introducing auto- 
matic operation in the telephone system. This whole matter has 
been the subject of much thought on the part of engineers of the Bell 
System and, as a result, there has been developed and recently put 
into operation a system in which the work of establishing most of the 
local connections is done entirely by machinery. 

The introduction of this system will eventually make a considerable 
reduction in the telephone company’s requirements for Operators 
which are becoming more dithcult to fulfill year by year. Operators 
will be required, however, to handle toll and many special classes of 
local calls and for this reason, together with the constant growth of 
the business and the considerable period of time that will be re- 
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quired to introduce the new system completely, we can expect little 
or no reduction in the present operating forces for some time to come, 
and no operator will tind herself out of employment on account of the 
introduction of the machine switching system. 


MACHINE SWITCHING 

It is the purpose of this paper to describe this system sutticiently 
in detail to give a general picture of it, but because of the limitation 
as to space no attempt will be made to go into the intricacies of cir- 
cuits and apparatus, which doubtless would be of interest only to the 
telephone engineering specialists. 

Among other requirements, the following must) receive special 
consideration in the design of a machine switching system. 

The functions to be performed by the telephone subscriber in getting 
a connection must be simple and easily understood. 

It must work efficiently and with accuracy and speed, and, o! 
course, must be capable of handling the various types of calls that the 
subscriber wishes to make. 

The system must not require modifications in the existing rate 
structure, otherwise than desirable. If the rate structure calls for 
message register Operation, coin boxes, ete.. means must be provided 
for automatically operating the register and collecting the coins on 
such calls, and for preventing a charge on calls not answered, calls 
for free Ines, busy lines, ete. 

The system should employ, as nearly as practicable, the conven- 
tional numbering scheme. 

It should work with the existing telephone network, so that its 
introduction does not require wholesale number changes and extensive 
rearrangement or the abandonment of existing switchboards or othe: 
plant. [ts introduction must, of necessity, be on a gradual basis. 

It must be sufficiently flexible in design to care for growth and such 
changing trathe conditions as occur from time to time. 

In large telephone areas, such as the New York Metre ypolitan area, 
there is a great variety of calls to be handled and many different classes 
of service furnished the public, suchas message rate, flat rate, official, 
coin box, non-attended pay station, attended pay station, special 
services such as information, ete. Not only individual lines but party 
lines, and private branch exchanges must be cared for, and provision 
must be made for thousands of toll messages which must be recorded, 
supervised and timed. 

A call originating in a machine switching office in New York City 
may have as its destination any one of a great number of points. — It 
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may be tor another subscriber in the same office or for one in another 
nearby machine switching or manual office; it may be for one of a 
large number of suburban toll points, or it may be to some point in a 
distant city. 

The machine switching system, which is the subject of this paper, 


meets these requirements. After long-continued laboratory experi- 


Fig. 5--Desk Stand Equipped with Dial 


ments, supplemented by field trials, power-driven apparatus of the 
panel type has been found to be the most suitable, and is now in 
successful operation in New York City and in other large cities in the 
country. 


GENERAL PLAN OF OPERATION 


At the expense of some repetition it seems desirable in order to give 
as clear an understanding as possible as to the operation of the system, 
to first give a brief outline of how the call is handled and a description 
of the more important elements of the equipment, before going into 
a detailed description of the operation of the system. 
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The subscriber's station is equipped with the usual form of tele 
phone instrument and, in addition, with a calling device known as a 
“dial,” mounted at the base of the desk stand, as shown in Fig. 5 
This dial has ten finger holes, bearing letters and figures, as shown in 


Fig. 


Front of 


Te CALL 
LONG OISTANCE 
iat 21 


Fig. 6 —-Subseriber’s Dial 


In making a call the subscriber will, of course, first refer to the 
telephone directory. He will find in the directory a listing that ts 
only slightly different from that to which he is accustomed. Typical 
samples of this new form of telephone listing for New York City 


are shown in Fig. 7. As will be noted, these conform to the prescnt 


Argent Co, 1400 Bway............. GRE eley 5513 
Argentina Brazil & Chile Shipping Co 

70 Wall. HAN over 0307 
Argentine Gen! Consulate, 17 Batry pl..REC tor 6946 
Argentine Impt & Expt Corp, Prod Ex...BRO ad 1768 
Argentine Mercantile Corp, 42 Bway..... BRO ad 5066 
Argentine Naval Commission, 2 W 67..COL mbus 5623 
Argentine Quebracho Co, 80 Maiden la....JOH n 1652 


Argentine Railway Co, 25 Broad....... BRO xd 1385 
Argentine Trading Co, 1164 Bway...... MAD Sq 1871 
Argeres Bros, Restrnt, 86 6th av...... SPR ing 5337 
Argero A. Grocer, 119 9th av........ CHE Isea 6255 
Arghis A, Tobacco, 74 Wall......... HAN over 6311 


Argirople Theodore, Jwir, 406 8th av. .FAR ragut 9772 
Argo Packing Corpn, 705 Greenwich... FAR ragut 4505 
Argon Dress Co, 24 & 12.......... STU rvsnt 2011 
Argonaut Supply Corp, 50 Union sq. .$TU yisnt 7476 
Argonne Steamship Co, 17 Battery pl...REC tor 2493 
Argos Ad-Art Co, 1133 Bway........ FAR ragut 5986 
Argosy The (A Pub), 280 Bway...... WOR th 8800 


Fig. 7—Typical Examples of New Form of Listing Telephone Numbers 
manual listings, except that the first three letters of the office name 


are set out prominently. This numbering system will be discussed 
later in this paper. 
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Having secured the desired telephone number from the directory, 
which we will assume is “’ACAdemy 1234,” the subscriber will first 
remove his receiver from the hook and will hear the so-called “dial 
tone,” which indicates that the apparatus is ready to receive the call. 
He will then insert his finger in the hole over the letter 4, rotate the 
dial until the finger comes in contact with the metal stop shown in 
the picture, then release the dial, whieh will automatically return to 
normal. He will repeat this operation for the letters C and 1, and 
in turn for the four numerals, 7, 2, 3, 4. 

This operation of dialing on the part of the subscriber is exactly 
the same, whether the telephone number he desires is in a manual 
or a machine switching office. Similarly, the method employed by 
a subscriber who is connected to a manual office in getting a sub- 
scriber connected to a machine switching office, is the same as though 
the desired subscriber were connected to another manual office. 
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MACHINE SWITCHING OFFICE 


Fig. 8 —Diagram Showing Connections from Machine Switching to Machine Switch- 
ing, Machine Switching to Manual and Manual to Manual Switching 


The progress of a call originating in a machine switching office ts 
briefly as follows: 

As will be seen from Fig. 8, the line of the calling subscriber, whom 
we will assume to be a subscriber in the Academy office, appears in a 
so-called “‘line finder” frame. When the subscriber's receiver is 
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removed from the switehhook preparatory to dialing, the line is 
selected by a “line finder” and connected to an idle “sender” by 
means of a “‘sender-selector.”’ 

Upon completion of these operations which take but a fraction o 
a second, the dial tone is sent to the calling subscriber as previously 
mentioned. When the subseriber dials, electrical impulses on a 
decimal basis are transmitted to the sender which receives and regis- 
ters them, translating them in turn to the proper basis for the control 
of the selectors which are not operated on a decimal basis. The 
sender automatically causes the particular ‘district selector” which 
is permanently associated with the line finder originally used, to select 
a trunk to the office desired. 

Assuming that the call is for a subscriber in the same office. A\ea- 
demy, the trunk chosen will terminate at an “incoming selector” 
frame and the sender above referred to will cause the call to be routed 
through the incoming selector to a final selector, and thence to the 
particular line desired. When the connection is thus completed, 
audible signals will be sent back to the calling subscriber to indicate 
that the station is being rung or that the line is busy. 

If the call had been for a subseriber in another machine switching 
office, namely, Pennsviwania, the call would be routed from the district 
selector to the office desired, either directly or through an “office 
selector” in case the total number of trunks to all offices is too large 
to be placed on the district selector multiple. These trunks terminate 
on incoming selectors at the Pennsylvania office which select the sub- 
scriber’s line through final selectors, as described above. 

If the call is for a subscriber connected to, sav, the Worth Office, 
which is a manual office, the call would be routed from a district 
selector directly or through an office selector to the “B" board in the 
Worth Office, where the number desired appears in front of the oper- 
ator at a “call indicator position” in the form of visible numbers on 
the keyshelf. The operator is advised of the trunk to which the call 
is connected by suitable signals, and the call is completed by plugging 
this trunk into the desired subscriber's line. 

Calls originating in a manual office and intended for a machine 
switching office reach the machine switching office over trunks from 
the “A” operators in the manual office. At the machine switching 
end these trunks terminate in incoming selectors, which have access 
to the final selectors on which the subscriber's lines are located. The 
selectors are under the control of a special group of senders, and 
operators are provided with suitable keys for setting up in. these 
senders the number of the desired subscriber. These operators at 
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the machine switching office receive the information as to the desired 
number from “A” operators in the distant manual office, exactly as 
is done in the case of manual operation. 

The introduction of machine switching equipment does not require 
radical changes in private branch exchanges. The private branch 
exchange is provided with dials, and calls to the central office are 
dialed by the private branch exchange attendant or by the extension 
user in the same way that the ordinary subscriber dials. No change 
in the private branch exchange is required for handling incoming 
calls. An idle trunk in the private branch exchange group is selected 
by the mechanism in the machine switching office, in much the same 
wav as an individual subscriber's line is selected. 


NUMBERING SYSTEM 


One of the unique advantages of the plan developed for designating 
telephone numbers, to which reference has already been made, is 
that it does not necessitate the abandonment of the existing manual 
listings. It requires no change except that the first three letters of 
the office name are set out more prominently. Simple as this change 
in the form of listing appears, until it was developed by the Bell 
System no satisfactory method of designating telephone numbers for 
machine switching offices in large cities was known. 

Many plans had been proposed, to all of which there were serious 
objections. Some of them required changing the whole system of 
manual designation, others the use of combinations difficult for the 
subscriber to use. small cities a numbering plan employing 
only digits is sometimes practicable, but in such a large area as we 
are considering, such a plan would involve seven digits. The sub- 
scriber’s number would take the form of say 786-3549. Such numbers 
would be difhieult for operators to use and for the subscribers to carry 
in mind and would require that every subscriber's number in the 
entire area be changed before the first machine switching office could 
be cut into service. With the new system, the subscriber's number 
and office in general remains as before. It is necessary to change only 
a few conflicting office names in order to make them fit into the system. 


DESCRIPTION OF THE EQUIPMENT 


A detailed description of each unit employed in this system would 
be impracticable, in this connection, but a brief description of the 
more important ones will be of interest. 

Sender. The use of the sender makes practicable the introduction 
of machine switching in large metropolitan areas where, of necessity, 
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SYSTEM 
he service conditions are extremely complex. It is, in effect, the 
brains of the system, dealing with the subscriber and controlling the 
selection until the destination is reached, as an operator deals with 
the subscriber and controls the selection in a manual system. The 
number dialed conveys the same information to the sender in a ma- 
chine switching system as the number spoken by the subscriber does 
to an operator in a manual system. 

The sender is an arrangement of relays, sequence switches, and 
selectors, so worked out as to perform the following more important 
functions: 

1. It receives a succession of electrical impulses from the subserib 
er’s dial which are on a decimal basis, stores them and _ translates 
them to a non-decimal basis, corresponding to the particular group of 
lines and trunks that is involved in the path of the call. 

2. It controls selecting mechanisms which build up the connection 
to the called party in such a manner that each mechanism is given 
the exact time required to perform its functions without any waste of 
time, independently of the rate received from the dial. 

3. It makes the central office designations entirely independent of 
the arrangement of the trunk groups on the selector frames. This 
is a very important matter, inasmuch as it allows the selectors to be 
used to full efficiency. It provides the desired flexibility for growth 
and permits any desirable rearrangement of the trunks on the selector 
frames that the telephone company may find desirable at any time. 

4. The sender is capable of distinguishing the class of office at 
which the connection terminates. That is, if the call is to terminate 
at a mechanical office, the sender will arrange to govern the selection 
accordingly. If the call is to terminate at a manual office, the sender 
recognizes this and arranges to send out impulses to the call indicator 
equipment in the manual office. 

5. For the completion of certain calls, traffic conditions require the 
introduction of tandem centers as discussed later. The sender 
recognizes calls to be routed via tandem centers and arranges to 
handle these correctly. The tandem center may be manual or it 
may be mechanical, and the control must be determined accordingly. 

6. Certain senders are arranged to serve lines supplied with coin 
boxes. These senders are arranged to make a test to determine 
whether a coin has been deposited and do not allow the connection to 
be cut through so that conversation can take place until the coin is 
deposited. If the subscriber does not deposit the coin, after a reason- 
able time has elapsed the sender connects an operator to the subscriber, 
and this operator notifies the subscriber of his omission. After the 
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coin has been deposited, the sender allows the called subscriber to be 
rung and permits the conversation. In case the called subscriber 
is busy or does not answer, or if the call is to a free line, the sender 
returns the coin to the calling party. If the called party answers, 
the sender causes the coin to be collected. 

The sender makes a test of the calling line after the subscriber has 
completed dialing, to insure the deposit of the coin, and recognizes 
whether a coin has actually been deposited or whether some abnormal! 
condition exists, in which case the call will be routed to an operator 
who causes an investigation to be made. 

7. In large areas, such as the New York Metropolitan area, there 
are distant points, connection to which requires toll charges. In 
such cases the subscriber is instructed to dial a special operator who 
will ascertain his wishes, complete the call, and make the proye 
charge. Shoald a subscriber attempt to dial outside of his own local 
service area, his call will automatically be routed to an operator. 


Fig. Views of the Selector 


Panel Type Selecting Mechanism. An important mechanism of a 
machine switching system is the selector and its associated multiple 
bank. It is a device by means of which trunks or lines are connected 
together as required. It performs the same function as the switch- 
board cord and plug which in a manual exchange can be plugged by 
the operator into any one of a number of jacks which are the terminals 
of trunks or lines. 

Fig. 9. shows the mechanical elements of the selectors. The mov- 
able member corresponds to the cord and plug of the manual system 
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ind the fixed terminals or multiple, to which the movable member 
‘an make connection, corresponds to the jacks of the manual system. 

Fig. 10 shows the fixed terminals or multiple to which the selectors 
connect. This multiple consists of flat punchings about 3!. feet 
long and 1 inch wide overall. Each of these strips has lugs on each 
side with which the selectors can make contact. In this particular 
panel, three hunderd of these strips are piled one above the other, 


separated by insulation, and securely bolted together, forming a panel 


about 15 inches high. This panel provides a multiple consisting of 
“tip,” “ring” and “sleeve” connection for one hundred lines appear- 
ing sixty times; that is, thirty on each side. The insulating material 
consists of special impregnated paper and is of such a nature that. 


hig. 10-—Selector Multiple Bank 


after the panel is assembled and baked, it becomes inert and is not 
adversely affected by any conditions met with in a central office. 
It is this panel which has given the name to the system. 

The selector (see Figs. 9 and 13) consists of a n,etal tube supported 
in bearings allowing vertical motion and carrying five sets of brushes. 
Each one of the five sets of brushes is arranged to make connections 
to the tip, ring and sleeve terminals of the panel banks before which 
it normally stands, and the tip, ring and sleeve contact members of 
all five of these brushes are multipled together. They are normally 
free from contact with the terminals, but any set may be tripped me- 
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chanically, so that that set will contact successively over terminal: 
as the selector rises. 

A friction clutch is provided at the base of each selector, so arranged 
that the selector can be raised or lowered by power supplied by 
constantly rotating small motor, common to 60 selectors. A magnet 


« 


is also provided for tripping, by means of a rotating rod, any one o' 


Fig. 11—Commutator for Controlling Vertical Movement of Selecting Mechanism 


the five sets of brushes into mechanical engagement with the terminals. 
In choosing a trunk or line, that one of the five sets of brushes which 
has access to the panel in which the desired trunk or line happens 
to be, is tripped so that it makes contact with the bank terminals 
before it. The selector then moves upward, under the proper control, 
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ntil the tripped brush engages the desired line or trunk. The 
«lector is then held in this position by a pawl associated with the 
clutch. When the connection is to be taken down, the pawl is with- 
drawn, and the selector is carried back by means of the power drive 
controlled by the clutch. When the selector reaches its normal posi- 
tion the tripped brush is reset. 

Selectors used for different purposes are arranged to move their 
brushes upward at different speeds. The speed most commonly 
employed moves the brushes over the terminals at the rate of 60 


Cam 


Fig. 12—Sequence Switch Assembly 


trunks per second. At the top of the frame, just above the fifth 
bank, are located commutators as shown in Fig. 11, one for each 
selector. The multiple wiring of the brushes on the selector leads 
to other brushes which move over strips on these commutators, and 
thereby completes the connection from the movable selector to the 
rest of the circuit, thus avoiding flexible wire connections with their 
attendant troubles. This commutator, also, performs the more 
important service of controlling the travel of the selector. Brushes 
moving over conducting segments separated by insulation produce 
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impulses which, when sent back to the sender, indicate to it the exact , 


position of the selecting mechanism. 
Sequence Switch. Another device of great) importance the 
‘sequence switch,”’ shown in detail in Fig. 12. [tis operated through 


CES 


Fig. 13-—Selector Frame Completely Equipped 


an electromagnetic clutch from the same motor that drives the 
selectors. 

The sequence switch may be described as a circuit controller or 
device whose function is to establish in a definite sequence such circuit 
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conditions as are required in the operation of the system. It is made 
up of circular disks called cams mounted rigidly on a shaft. The 
plates of the cams are cut so that brushes come in contact with the 
plates only when the circuit is to be closed. The sequence switch 
can be stopped at any one of eighteen different positions as required, 
by the simple opening of the electromagnetic clutch. 

There are many of these sequence switches used in this system, 
and the arrangement of cutting the cams varies, depending upon the 
particular circuit combinations which it is desired to establish. 

Selector Frames. Fig. 13 shows thirty selectors with all of the 
associated mechanism mounted upon one side of a frame ready for 
operation in an exchange. Both sides of the frame are alike. Five 
panels of 100 lines each are mounted in this frame, one above the other 
giving a total capacity of 500 trunks or lines. Thirty selectors, each 
capable of making connection with any one of the 500 trunks or lines, 
are placed adjacent to each other on each side of these panels; the 
entire frame thereby having a capacity of sixty selectors, each of 
which has access to 500 trunks or lines. 

Immediately to the right of the selectors are the sequence switches 
and, under protective covers, such relays as are used in connection 
with the selectors upon the frame shown. 

Selecting apparatus of this general type, but differing in details of 
design, is used during the different stages of the call as line finders, 
district selectors, incoming selectors and final selectors, reference to 
which has been made before. Fig. 14 shows a section of a machine 
switching office with some of the typical frames. 

The use of apparatus of the substantial construction just described 
is made possible only through the use of the sender which receives 
impulses from the subscriber at the rate they are dialed and receives 
impulses from the selecting mechanism at the rate it is traveling. 
This obviates the necessity for restrictions in the design of either 
the dialing circuit or the selecting circuit, such as would be necessary 
if they were tied together. 

Power Supply Arrangements. Since most of the operations normally 
required in handling a call in a machine switching office are carried 
out mechanically, it is evident that a considerably larger amount of 
power is required than with the manual system. Selectors and 
sequence switches are propelled mechanically by rotating shafts 
driven continuously by small motors mounted on each frame. 

The use of small motors on each frame gives a flexible and reliable 
source of power particularly since the motors now being used are of 
the special “duplex”? type developed for the purpose. They consist 
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of two motor elements in one frame, one element being normally 


driven from the commercial power service and the other being driven 
by the telephone reserve storage battery to which it is automatically 


Fig. 14--Group of Typical Selector Frames 


connected by a relay inside the motor when the regular power fails. 
A power failure, therefore, causes no interruption to the drive. The 


selectors are arranged so that not more than half in any one group are 
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riven by the same motor which insures continuous service in case 
of motor failure. 

The main power requirement is for direct current at about 24 and 
{8 volts which is furnished from motor generator sets (Fig. 15) of 
special construction to reduce noise, converting the commercial 
alternating or direct power current into current which is regulated 
as to voltage and is free from variations which would cause noise in 
the telephone circuits. 


Fig. 15—-Power Machine and Control Equipment for Two 10,000-Line Units 


Storage batteries (Fig. 16) floating across the current supply bus- 
bars insure regulation. In addition to stabilizing the voltage and 
reducing noise interference from the machines and between  tele- 
phone circuits, the batteries perform the important function of keep- 
ing the exchange in operation during interruptions to the commercial 
power service. Small motor generators furnish current for ringing 
subscribers’ bells and drive commutators supplying various tones and 


signals. Batteries or machines supply current for operating coin 
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boxes and pulse machines provide impulses for the operation of cer- 
tain of the machine switching apparatus. 

Whenever practicable, two or more commercial power services from 
independent generating stations are secured, either of which will keep 
the office supplied. Where independent generating systems are not 
available a reserve gas engine supply (big. 17) is installed to take 
the place of the incoming power service, such engine also being 
equipped for emergency operation on gasoline. 


Fig. 16—-Battery Room for Two 10,000-Line Units 


All of the essential power machines and batteries are provided 
in duplicate and are arranged to come into action automatically 
wherever this is necessary to insure continuity of service in the event 
of loss of power or trouble with any of the power equipment. Alarms 
are provided to detect variations in battery voltage, blowing of fuses, 
stopping of machines or any failure of service on all power busses 
which feed energy to the telephone or signaling circuits. The power 
plant is thus designed to give an uninterrupted energy supply at all 
times even when the usual sources of power may have been tempor- 
arily discontinued. 
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DETAILED PLAN OF OPERATION 


The following will give in some detail the plan of operation for 
handling typical calls between various types of offices in a large 
metropolitan area such as New York City. 

Calls Originating in) Machine Switching Offices. Fig. 18 shows 
schematically the path of a call originating in a machine switching 
office. The pair of wires of a subscriber's line is attached to one of 
the sets of fixed terminals in a panel bank appearing before a group of 
selectors of the type which has been described.” By putting fewer 


Fig. 17--165 H. P. Gas Engine Generating Set for Emergency Use 


lines in these panels and increasing the number of selector brushes, 
we attain the speed necessary at this stage of the connection. These 
selectors are called “line finders,” since their function is to find calling 
lines. The terminals correspond to the answering jacks and the 
selectors to the “A” operators’ answering cords of the manual 
system. 
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When the subscriber removes his receiver, he closes the circuit of 
his line, causing a relay at the central office in series with his line, to 
operate. This relay causes an idle line finder, having access to his 
line, to trip the proper brush and then move upward to his line. At 
the same time a sender selector attached to that line finder is choosing, 
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Fig. 18—Diagram of Line Finder, District and Office Frames 


out of acommon group, an idle sender. The sender selector is a small 
selector of a type in which the brushes are driven by a magnet over 
contacts arranged as shown in Fig. 19. 

The sender having been attached in this manner to the calling line, 
a low humming sound, known as the dial tone, is heard by the sub- 
scriber, advising him that the mechanism is ready for him to dial. 
The entire sequence of events just described takes place in a fraction 
of a second, so that ordinarily the subscriber finds the dial tone when 
the receiver reaches his ear. The subscriber now dials the required 
letters of the office name, and the numerals of the called number. 
The pulses from the dial come over the subscriber's line through the 
line finder and sender selector to the sender which records and trans- 
lates them to control the setting up of the connection. As soon as 
the connection has been established, the sender is released and is 
ready to be used for a new call, being kept in use only a few seconds 
for each call. 
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The first step in completing the connection is to choose an idle 
trunk in the proper direction. To the nearby offices there are groups 
of direct trunks, whereas the more distant offices are reached through 
tandem centers described later. 

The line finder leads to the movable element of a panel selector 
known as a “‘district selector.” This district selector has capacity 
for 450 working outgoing trunks, the other 50 trunks being used for 
control purposes. In a small city 450 trunks would be sufficient to 


Fig. 19—Sender Selector 


reach all points, but in the case of the New York offices 450 outgoing 
trunks are not sufficient. Accordingly, only a few of the trunk groups 
outgoing from these offices leave directly from the district selectors. 
To obtain access to the remaining trunks there are, on every district 
selector frame, groups of trunks leading to so-called “office selectors.” 
These office selectors are of the panel type and each has a capacity 
for 450 outgoing trunks. 

The path of a call through a district and office selector will now be 
traced. The district selector starts upward under the control of the 
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sender. As the district selector moves upward, it produces pulses by 
means of the brushes which slide over the commutator at the top of 
the selector. These pulses are transmitted back to the sender, and are 
there counted. When the sender has counted the number of pulses 
which indicates to it that the district selector has proceeded to the 
proper position, the sender opens the fundamental circuit to the 
selector and causes it to stop. This method of controlling the mov- 
ment of the selector is termed the reverse control method. 

The first selection made chooses the set of. brushes to be tripped 
into engagement with the terminals. Assume, as shown in Fig. 18, 
the desired trunk appears on the second panel from the bottom. 
Therefore, the district selector is allowed to make two pulses and 
is then stopped by the sender. The brush-tripping device is thus set 
in position to trip the second brush, and the selector is started again 
by a signal from the sender, which operation completes the process 
of tripping the brush. 

The selector now continues upward, making a pulse for every group 
of trunks which it passes over, until, having reached the desired group, 
as indicated by the number of pulses counted by the sender, it is again 
stopped by the sender at the beginning of this group. The selector 
is now started again, and this time under its own control, hunts for 
an idle trunk in the group. Busy trunks are grounded on the third 
or signaling terminals, whereas idle trunks are open. A testing relay, 
associated with the selector, keeps the selector moving upward until 
a trunk with an open third wire is found, whereupon the selector stops, 
makes connection with this trunk, and renders it busy to other selectors 
by grounding the signaling strip. 

This trunk, as indicated in Fig. 18, leads to an office selector. The 
same process is repeated by the office selector, under control of the 
sender, to trip first the proper brush, then choose the proper group, 
and finally to choose an idle trunk in the group. The connection 
is now extended to an outgoing trunk. The sender still remains 
attached to the connection, since it must still control the further 
setting up of the connection. 

The sizes of the working trunk groups on district and office selectors 
can vary from 5 to 90, depending upon the traffic to be handled. 

Calls Between Machine Switching Offices. Vf the call is for a sub- 
scriber in a machine switching office it is completed as shown in 
Fig. 20. This figure shows a diagram of the apparatus used to con- 
nect an incoming full mechanical trunk to a subscriber's line, whether 
this line is in the originating machine switching office or in another 
which must be reached over interoffice trunks. 
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The incoming trunk to the machine switching office terminates 
man “incoming selector,” which is of the type already described 
Phe machine switching office has a capacity for 10,000 numbers, but 
the incoming selector has capacity of only 500 trunks, so that the 
same arrangement is employed as on the district selectors; that is, 
the incoming selector chooses one of a number of other selectors, 
called “final selectors,” which have access to the subscribers’ lines. 
Since each group of final selectors has access to 500 subscribers, 20 
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Fig. 20—Diagram of Incoming and Final Frames 


groups of finals will be necessary to care for the full 10,000 numbers. 
On the incoming selector frames, therefore, appear 20 groups of trunks, 
each group leading to a different frame of final selectors. 

The method of selection is the same as described for the district 
and office selectors; that is, first the incoming selector, under control 
of the sender in the originating office, trips the proper brush, chooses 
the proper group, and finally chooses an idle trunk leading to a final 
selector. The final selector then goes through the process of brush, 
group, and subscriber's terminal selection. The terminal selection 
is under the control of the sender which counts line by line in the 
group of ten, until the desired one is reached. If the called line is 
idle, it is rung, and the calling subseriber is advised of that fact by 
hearing the audible ringing signal. If the called line is busy it is not 
connected, but an intermittent buzz, recognized as the busy signal, is 
sent back to the calling subscriber. If the called number is that of a 
P. B. X. having several trunks, the final selector automatically hunts 
for an idle one. If the final selector, after testing all the P. B. X. 
trunks finds them all busy, it sends back the busy signal. 
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As soon as the called line is reached, the sender is dropped from the 
circuit to be available for another connection. It is not held during 
the period of ringing, during the time that the busy signal is being 
given, if the line is busy, or during any part of the period of con 
versation. 

It will be noted that the method of selection is not on a decimal! 
basis. The first selection is to choose one of five brushes on the in- 
coming selector as already explained; that is, we choose that partucular 
fifth of the terminals in which the called line happens to be, and since 
1-5 of 10,000 is 2000, we choose the 2000 group desired. The next 
selection is by groups of 500, which is again non-decimal. This 
“translation,” as it is called, of the number from the decimal notation, 
as dialed by the subscriber, into the notation as needed by the selectors, 
is taken care of very simply in the senders. 

Calls from Machine Switching to Manual Offices. Calls from ma- 
chine switching to manual offices are handled at the manual office on 
call indicator ‘“‘B”’ positions. Fig. 21 shows a diagram of the equip- 
ment used to connect such a call to a subscriber in the manual office. 
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Fig. 21—Diagram of Connection from Machine Switching to Manual 


The call progresses through the district and office selector in the 
same manner as described for the machine switching call, but the 
trunk which it takes up leads to a call indicator ‘‘B” position in the 
manual office selected. The operator is notified that a call has reached 
her position by the lighting of a lamp associated with the cord and 
plug in which the incoming trunk terminates. Upon perceiving this 
signal, she presses a display key associated with that trunk, and 
thereupon the called subscriber's number is displayed on a bank 
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of numbered lamps located on this operator's keyboard. The oper- 
ator picks up the plug, tests the called line and, if it is found idle, 
plugs in; or, if it is found busy, she plugs into a special jack which is 
arranged to send the intermittent busy tone back to the calling 
subscriber. 

The called subscriber's number is displayed in the following manner 
Associated with the operator's position, and with her call indicator, is 
a group of relays. When the display key is depressed, this group of 
relays is attached to the trunk. The sender which has meanwhile 
been waiting on the connection, is thereby given a signal, and sends the 
number called by means of code pulses which are received by the 
group of relays. These relays, in turn, light the set of lamps on the 
call indicator corresponding to the digits of the called number, as 
shown in Figs. 22 and 23. The code pulses employed tor sending 


Fig. 22—Incoming Trunk Position in a Manual Othce Arranged for Call Indicator 
& 
Operation 


this called number are positive and negative, strong and weak, and 
are translated by the sender from the decimal dial pulses to this type 
of pulse to reduce the time required and to simplify the receiving 
apparatus. 
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Incoming Calls from Manual to Machine Switching Offices. Calls 


from manual offices are handled at the machine switching office on 
the cordless ““B” positions. Fig. 24 shows a diagram of the equip- 


Fig. 23-—Call Indicator at an Incoming Trunk Position in a Manual Office 


ment used to connect a call originating in a manual office destined 
for a subscriber in a machine switching office. Such a call is answered 
by the “A” operator in the manual office in the usual manner. She 
takes up the call circuit by depressing her call circuit key to the 
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Fig. 24--Diagram of a Connection from a Manual to a Machine Switching Office 


machine switching office desired, passes the called subscriber's num- 
ber, and receives a trunk assignment in exactly the same manner 
as if the call were going to another manual office. The cordless ‘‘ B” 
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operator, upon assigning a trunk, presses the assignment key of that 


crunk, which temporarily attaches her keyboard to a sender and 
simultaneously to the incoming trunk which she has assigned. As 
shown in Fig. 24, the incoming trunk terminates on an incoming 
selector which has access to final selectors on which the called num- 
ber appears, in the same manner as described before. 

The operator now sets up on her numbered keys the number de- 
sired, and this information is transmitted immediately to the sender. 
These keys, which lock mechanically, are released after a fraction of 
a second by a magnet controlled by the sender and are ready for the 


Cordless ‘'B"™ Positions in Machine Switching Office 


next call. The “B” operator's sender now controls the incoming 
and final selectors in the same manner as the subscribers’ senders, 
causing the incoming selector to choose an idle trunk to a final Selector 
having access to the desired group of 500 numbers. The final selector 
reaches its destination in the manner previously described and, as 
soon as the line is found, the sender is released. 

Fig. 25 shows a line of cordless positions. The section at the 
left is the cable turning section, having nothing to do with the oper- 
ation of the board. 
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Manual Positions Required in Machine Switching Offices. While 
regular calls between two subscribers will be completed in this system 
without the aid of operators, certain classes of calls, such as toll calls 
to suburban points and calls for discontinued or changed numbers, 
etc., will require the assistance of an operator. Special manual posi- 
tions are therefore provided in the machine switching office for this 
service. These positions also care for cases where the subscriber 
may need the assistance of an operator for other reasons than the 
above, and are in addition to the cordless ‘‘B”’ positions previously 
described. 

The operators are called “Special Service Operators.” The sub- 
scriber signals them by dialing “Zero,” which on the dial is also 
matked with the word “Operator.” The connection then progresses 
in the same general manner, through the district and office selectors, 
as for any originating call. An idle trunk appearing on the office 
selector leading to an answering jack before the special service oper- 
ator is chosen and the sender released. Should a subscriber in any 
local service area dial a subscriber in another area, the sender will 
automatically route the call to a special service operator. 

The special service operator in large areas has before her a number 
of cord circuits having one end terminating in a cord and plug. She 
also has upon a keyboard a set of keys similar to those described for 
the cordless “*B” position, except that there are additional strips of 
keys upon which she can write up an office code. The operator 
answers the subscriber by inserting one of the plugs in the answering 
jack and, having ascertained the desires of the subscriber, directs 
the connection to the proper destination by setting up on her keys the 
proper numerical code. Senders are furnished for these positions 
so that, as soon as the information from the keyboard has been regis- 
tered on the sender, the keys are released and are ready for another call. 

The other end of the special service operators’ cord circuit termi- 
nates in a district selector which, either directly or through other 
selectors, has access not only to trunks which the subscriber himself 
might call, but also to trunks leading to more distant offices which he 
cannot dial directly because they are toll points. 

Tandem Operation. There aire about 158 central offices in the area 
shown on the map, Fig. 38... While it is an essential requirement that 
any subscriber connected to any of these offices be able to reach any 
subscriber connected to any other office, it is obvious that to furnish 
trunks from each office direct to every other office would require 
a great number of long trunks in small groups carrying a very light 
load most of the time. 
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In order to eliminate the inefficiency that such an arrangement 


would entail, it has been the practise in manual operation to handle 
the traffic from one part of the area to another part of the area over 


main trunk routes. The collecting and distributing points on these 


trunk routes are known as “‘tandem centers.” and the plan of oper- 
ation is known as tandem operation.”’ 


Stator 


Fig. 26—Typical Tandem Trunking P 


Fig. 26 shows an arrangement of offices in a typical tandem trunk- 
ing plan. Offices marked M are local offices, either manual or ma- 
chine switching. The office marked 7° is a tandem office. If a call 
is originated by a subscriber in office M-1 for a subscriber in offices 
M-4, M-5, or M-6, to which no direct trunks are provided, the call is 
routed at office M-1 to trunks terminating at tandem office TT. At 
this point they are connected to trunks leading to the proper office, 
where the connection is completed to the desired subscriber in the 
usual manner. Likewise, calls from offices M-2 and M-3 are com- 
pleted over the same groups of trunks from the tandem ofhce T to 
offices M-4, M-5, or M-6. 

The plan described above is typical of that followed in the New 
York Metropolitan area for many vears, the completion of the call 
being controlled at the tandem office by operators. 

The machine switching system is not only adapted to fit into the 
existing tandem plan, either when used in the local central office or 
at the tandem office, but also makes available possibilities for con- 
siderably extending the field of usefulness of the tandem system, due 
to certain advantages in handling calls at tandem points by the use 
of machinery. 

The use of a sender at the machine switching office which is cap- 
able of routing a call in any way desired permits locating the selectors 
which have access to the interoffice trunks at any convenient point 
either at the originating office or at some distant point. In other 
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words, the tandem office T shown on Fig. 26 may consist of a group of 
office selectors such as have been described previously. In this case 
the trunks from offices M-1, M-2 and M-3 would lead from district 
selectors in these offices to the office selectors at office T which would 
select, under control of the sender in the originating office, an idle 
trunk to office M-4, M-5, or M-6, as desired. At the terminating 
office the call would be completed through incoming and finals if it is 
a machine switching office, or call indicator “B" positions if it is a 
manual office, exactly as described previously. 

If the number of points to be reached through the tandem office is 
greater than the capacity of a group of office selectors, a group of 
district: selectors may be provided at the tandem office which have 
access to groups of office selectors located at the same office or at 


some distant point, as described above. 


Selectors 


Fig. 27 ~-Tandem Trunking Plan Showing Distant Office Selector 


Fig. 27 shows schematically a tandem plan using the above method. 
Tandem otthce T is provided with district selectors on which terminate 
trunks from local office M-1, M-2 and M-3. These selectors have 
access to office selectors in the same office through which offices M-4 
and M-5 are reached, and to office selectors located in the distant 
tandem office T-l through which office M-6 and M-7 are reached. 

To handle calls at a machine switching tandem office originating 
from manual offices, operators are required at the tandem office. 
These operators handle calls ir much the same manner as cordless 
“B" operators in a machine switching office, as already described. 
The operator receives the desired office name and number from the 
originating Operator over a call circuit and sets it up on her keyboard, 
which is similar to the cordless ‘ B" board, except that it has office keys 
in addition to numerical keys. The number is received by a sender 
which then controls the operation of the selecting mechanism in the 
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MACHINE SWITCHING 


tandem office and other offices through which the call may pass, to 
the desired local office and subscriber's line. 

Many different combinations of the above are possible and are 
employed when desired. 


MAINTENANCE 


As will have become apparent from the description already given 
there is, in the machine switching telephone central office, a large 
amount of apparatus which, in order to insure service of good quality, 
must be maintained in proper working condition. Consequently, 
the subject of maintenance has been very carefully kept in) mind 
throughout the design of the system. For instance, all new pieces 
of apparatus used in this system have been subjected to the most 
rigid tests to insure that they will have a satisfactory life and that 
their margins of adjustment will be adequate. 

When maintaining machine switching equipment, the main reli- 
ance is placed on preventive measures, so that incipient faults will 
be detected and corrected before they have got to the point of inter- 
fering with service. Ingenious automatic testing arrangements have 
been designed to aid in this preventive maintenance work. They 
subject the various circuits in the exchange to routine tests, and are 
arranged so that they will automatically test all of the circuits, one 
by one, under conditions more severe than they will ever be called 
upon to meet in service. In case some feature of any circuit: has 
deteriorated from its normal standard of adjustment—-which includes 
a wide margin —so that it will not meet this severe testing condition, 
the testing apparatus automatically stops and by supervisory lamps 
indicates the location of the trouble. An audible alarm is also sounded 
which notifies the maintenance man responsible that something 
requiring his attention has been found. The circuit in trouble may 
still be capable of giving service, but is below the standard set and 
may soon give service trouble if not corrected. 

As applied to the sender, for example, the automatic routine test 
equipment picks up each sender in turn and puts it through its regular 
process of operation, under condit’ons raore severe than are en- 
countered in practise. If the sender under test meets the operating 
conditions without failure, the sender is dropped and the test equip- 
ment moves to the next sender. If any trouble develops an alarm 
is given, which summons the maintenance man who is able to de- 
termine by the condition of the apparatus the location of potential 
trouble. 
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The operation of the testing equipment may be varied by suitable 
keys, so that all the features of each sender may be tested once, or 
so that any one feature of the sender may be tested as many times 
as desired. 

All the equipment in the office occurs in groups, and arrangements 
are made for readily taking out of service for readjustment any piece 
of apparatus which may have been found to have potential trouble 
the other members of the group continuing to handle the calls. 


APPLICATION 


In the preceding pages there has been briefly described a switching 
system which meets the exacting and complex requirements of tele- 
phone service in the largest cities and in which, so far as is practicable, 
the various switching operations are performed automatically. Only 
such operators are required in connection with this system as are 
necessary for handling special classes of service and certain operations 
in connection with the interchange of calls between manual and 
machine switching central offices during the transition period. 

Variations in the arrangements which have been described have 
been developed and are available for use whenever the conditions 
warrant. An illustration of this is the so-called key indicator, which 
permits the handling of calls from manual to machine switching 
offices without the aid of the cordless ““B”’ operators. This is effected 
by providing the operators in the manual offices with special keys 
and equipment for controlling directly the selection of the subscrib- 
er’s line in the machine switching office. 

This machine switching system marks a very important advance 
in a development which began shortly after the telephone was in- 
vented, and which has been most vigorously prosecuted by the en- 
gineers of the Bell System from then to the present time. Through- 
out this entire development period the tendency has been to introduce 
automatic methods and apparatus whenever they gave a better result 
to the public, or whenever they were attended by an economy of any 
kind. 

How this system works has been briefly explained. What arrange- 
ments are provided for handling regular machine switching calls, 
calls to and from existing manual offices, private branch exchanges, 
etc., has been described. How the introduction of this system into 
a telephone network is affected will now be discussed briefly. 

Obviously, the problem of introducing machine switching equip- 
ment into such an extensive and complex structure as is the telephone 
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plant of a big city, is a large one. It is impracticable to introduce it 
all at once. Its introduction must be effected gradually and this is 
accomplished by using it for growth and such replacements as are 
necessary, later extending its use as conditions warrant. 

The fundamental engineering studies which have to be made and 
which must precede the manufacture and installation of the equip- 
ment for a machine switching office are, in all important respects, 
the same as those which must precede the manufacture and installa- 
tion of the equipment in a new manual office. They involve a careful 
study of the telephone needs of the area, with a view to determining 
ultimately the quantities of the different kinds of arrangements neces- 
sary to give the service. This requires a study of the commercial 
requirements at the time when the equipment should be cut over and 
for several years thereafter. Data must be collected as to the prob- 
able rates of calling, the average duration of the calls and the amount 
of trunking to and from other offices. 

With these data available, the size and arrangement of the trunk 
groups on the selector frames, the number, grouping and type of 
selectors and senders required, and the size of the power plant can be 
determined. From this the cabling arrangement can be worked out, 
and suitable floor plans prepared. 

Manufacturing specifications can then be prepared in accordance 
with which the equipment of the office is manufactured and installed. 


Before the equipment is cut into service, the various arrangements are 


thoroughly tested individually, and when in proper condition the 
whole is checked up by making complete operation tests. 


If time and space permitted, it would be of interest to discuss the 
methods of actually cutting the equipment into service, and the 
comprehensive program which is worked out for the training of the 


employees who are to handle the equipment and advising the publi 


which is to use it. All these matters are of the utmost importance, 
and must be carried out systematically in order that there may be 


no reactions on the general service at the time of the cut-over 
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Relations of Carrier and Side-Bands in Radio 
Transmission! 
By R. V. L. HARTLEY 


Sysopsis: This paper discusses generally the characteristics of carrier 
transmission as applied in radio and in carrier current Communication over 
wires and analyses the factors which affect the faithfulness with which such 
systems reproduce the signals imparted to them. Modulation is shown to 
generate two side bands which, with respect to frequency, lie just above and 
just below the carrier frequency, the frequency width of each side band 
being the same as the frequency width of the original signals. Upon detec- 
tion, currents of frequencies corresponding to the difference frequencies 
between all the possible pairs of component frequencies of the side bands and 
carrier are produced and, in general, are all found in the received message. 
It is therefore impossible to transmit messages, either tele hone or tele- 
graph, by carrier which will be absolutely free of distortion, but since the 
amplitude of any particular difference frequency is proportional to the 
product of the amplitudes of its two generating frequencies the distortion 
can be reduced below a troublesome value by maintaining the amplitude 
of the original carrier sufficiently large with respect to the amplitudes of the 
signal components. The distortion which arises from phase shifts between 
the component frequencies of the transmitted message and carrier is also 
considered. 

The paper discusses single side-band transmission and carrier suppression 
with homodyne detection and their various merits are pointed Gut. Single 
side band transmission reduces the width of frequency band required for 
each message. Carrier suppression results in a saving of power, or a more 
economical expenditure of power, it having been determined that for proper 
freedom from distortion the power of the carrier component alone, when 
transmitted, should be rather larger than the peak power in a carrier sup- 
pression system. The use of local carrier in homodyne radio telephony 
assists in frequency selection in the sa ne way as does the heterodyne wave 
in radio telegraph reception. The same applies also to static interference 
and, as the object of high power stations is to make the signals large com- 
pared with static, there is a gain in concentrating the power in side bands 
rather than in carrier, 

Consideration of distortion arising from phase shifts shows that in homo- 
dyne telegraphy distortion can most readily be avoided by transmitting 
both side-bands, while in telephony these factors favor the transmission of 
only one side-band. The power of the reproduced signals is twice as 
great with two side-bands as with one, but there is no choice between one 
and two side-bands on the basis of the ratio of signals to interference. 

The result of using a local detecting frequency which is not exactly 
equal to the original carrier frequency is discussed, and a balanced detector 
is described by means of which the distorting effect of the received carrier 
may be very much reduced. Considering a local carrier which is out of 
synchronism with the original carrier, it is again found that single side- 
band transmission is most favorable in telephony, and the transmission 
of both side-bands is best in telegraphy. Editor. 


A indicated by the title, this paper will discuss some of the 
phenomena associated with radio transmission in terms of the 
carrier currents and side-bands into which a modulated wave may 

' Presented before The Institute of Radio Engineers, New York, December 13, 


1922. Printed in the Proceedings for February, 1923, and reprinted here by per 
mission of the Institute. 
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CARRIER AND SIDE-BANDS RADIO TRANSMISSI 
be resolved. The use of these terms implies a point of view which 
perhaps is employed less commonly in radio engineering than in some 
of the other branches of the communication art. For this reason, 
I shall, at the risk of repeating much that is already in the literature, 
review such of the fundamentals of this viewpoint as are necessary 
to an understanding of what is to follow. 


ANALYSIS OF A SIGNAL WAVE 


Briefly stated, the point of view is that any signaling wave may 
be resolved into sustained sinusoidal components, which may be 
thought of as traversing the system as individual currents and _ re- 
combining at the receiving end to form the reproduced signal. The 
possibility of such a resolution has been demonstrated mathematically 
and the formulas for evaluating the amplitudes and phases of the 
components are well known. A periodic wave may be expressed 
as a Fourier series, that is, as the sum of an infinite series of com- 
ponents the frequencies of which may be thought of as harmonics 
of a fundamental frequency which is equal to the frequency of repeti- 
tion of the wave. Such a resolution, however, is not directly ap- 
plicable to the waves employed in communication, for by their very 
nature they are not periodic. A communication system must be 
capable of transmitting any individual symbol regardless of what 
precedes or follows it. We may, however, resolve such an aperiodic 
wave by the mathematical device of assuming it to be one cycle of a 
periodic wave in which the interval between successive occurrences 
of the disturbance in question approaches infinity. The frequency of 
repetition is then infinitesimal. The fundamental frequency of the 
Fourier series and the frequency interval between adjacent compo- 
nents are also infinitesimal; that is, the series of discrete lines of the 
Fourier series spectrum merge into a continuous spectrum. Mathe- 
matically this continuous spectrum is represented by the expression 


) 


PGy= S cos (qt+o) dq, (1) 


which is known as the Fourier integral. Physically we are to picture 
this infiinte series of sustained sinusoids as having such amplitudes 
and phases that the algebraic sum of their instantaneous values is 
*“Carrier Current Telephony and Telegraphy,” by E. H. Colpitts and O. B 
Blackwell; ‘Transactions of the American Institute of Electrical Engineers,"’ 
volume XL, page 205, 1921. ‘Application to Radio of Wire Transmission En 
gineering,” by L. Espenschied; presented before The Institute of Radio Engineers, 
January 23, 1922. 
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zero for all instants before and after the disturbance in question, and 
equal to the instantaneous value of the wave thruout its duration. 
In Fig. 1, curve A represents a telegraph dot, curve B gives the rela- 


TELEGRAPH DOT 
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PHASE-FREQUENCY CHARACTERISTIC 


OF TELEGRAPH DOT 


-21 RADIANS 


(C) 
Fig. 1 
tive amplitudes, S, of its components plotted against their frequencies, 
and curve C, their phase, 0, also as a function of frequency. The 
so-called ‘dot frequency’ corresponding to a sustained succession of 
such dots is indicated on curve B. 
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It is obvious that if either the amplitudes or the phases of the 
components be distorted, their instantaneous sum will be changed; 
that is, the wave resulting from their re-combination will be a dis- 
torted reproduction of the original wave. Also, those parts of the 
frequency range in which the amplitude is negligibly small can con- 
tribute little to the reproduced wave, and the elimination of all com- 
ponents in those ranges will have little effect on the quality of repro- 
duction. Just what ranges it is essential to retain depends upon the 
nature of the signal and the standard of reproduction that is set up. 
What is important for present purposes is the fact that the faithfulness 
with which a system will reproduce any arbitrary signal disturbance 
is deducible, in theory at least, from a knowledge of its transmission 
of sustained single frequencies. By this is meant a knowledge of how 
the relation, both in amplitude and phase, between the input and 
output sinusoidal wave varies as the frequency of the wave is pro- 
gressively varied thruout the frequency range. 


ANALYSIS OF A MODULATED WAVE 


Let us assume now that a radio system is called on to transmit 
such a signal wave, F(t), which may be either a telephone or a tele- 
graph signal. If, as is commonly assumed, the modulator causes 
the amplitude of the carrier wave, C cos p t, to be varied in accordance 
with the signal, the resulting modulated wave may be expressed as 

m=C [1+k F (t)] cos pt, 2 
where k is a factor which measures the so-called degree of modulation. 
If the largest negative value of k F(t) is just equal to unity, so that 
the instantaneous amplitude of the carrier wave just falls to zero, 
the modulation is said to be complete. The significance of complete 
modulation will be discussed later. 

Now let us resolve the signal wave into its infinite series of com- 
ponents, each of the form S cos (gf+0), where Sand 0 vary with the 


frequency a. Neglecting non-essential frequencies, g may be con 
sidered to cover a range from q; to gz. If this value of Fit) be sub- 


stituted in (2) we get 
m=C cos pt+ k C cos pt / S cos (gt+e dq. (3) 
« qi 
The first term, which is independent of the signal, represents a com- 


ponent having the carrier frequency, The second term represents 


an infinite series of terms each derived from only one component ot 
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the signal. Hence each component of the signal is represented in the 
modulated wave by an expression of the form, 


kC Scos(qt+o) cos pt=3kCS [(p—q)t—e]!. (4) 


This represents two sinusoidal components, the frequencies of which 
differ from that of the carrier by the frequency of the particular signal 
component. The similar expressions for the other signal components 
each yield a pair of components similarly placed with reference to the 
carrier. All of these taken together form a pair of spectra or fre- 
quency bands extending on either side from the carrier frequency 
in the same way that the spectrum of the signal extends from zero 
frequency. These bands of frequencies are spoken of as ‘“‘side- 
bands” and the component currents of these frequencies as “ side- 
band currents,’’ or, more often, simply as ‘ side-bands.’’ The side- 
band which extends upward in frequency from the carrier is called 
the “ upper side-band,”’ and the other, which extends downward, the 
lower side-band.” 

The form of these side-bands is shown schematically in Fig. 2, 
where purely arbitrary curves are used to represent the amplitudes and 


AMPLITUDE AND PHASE AMPLITUDE AND PHASE 
CHARACTERISTICS OF SIGNAL CHARACTERISTICS OF SIDE-BANDS 
v 


Fig. 2 


phases of the signal components over a limited frequency range. It 
will be seen that the corresponding curves for the upper side-band 
are derived from these by displacing them along the frequency axis 
by the amount of the carrier frequency. The amplitude curve of the 
lower side-band is derived by inverting that of the upper with respect 
to the carrier frequency. For the phase curve of the lower side-band 
that of the upper is to be similarly inverted and also reversed in sign. 
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The actual magnitude of the side-band currents relative to the carrier 
depends on the degree of modulation, &, of equation (2). For com- 
mercial telephony the limits of the essential band may be taken rough- 
ly as 200 and 2,000 cycles. If high quality speech or music is to be 
transmitted, a wider band is required. For telegraphy the band 
width required varies widely with the speed of sending and the type 
of apparatus used. In general, it is desirable to preserve very low 
frequencies, which means that the two side-bands practically meet 
at the carrier frequency. 


REPRODUCTION OF THE SIGNAL WAVE 


Having arrived at a picture of the modulated wave as given by 
equation (4), we shall first discuss the reproduction of the signal from 
this as it stands, and then consider the effect on this reproduction 
of various modifications to which the modulated wave may be sub- 
jected before or during the process of detection. While any device 
in which the current-voltage characteristic is non-linear may be used 
as a detector, the operation of the vacuum tube lends itself to analysis 
because of its approximation to a parabolic current-voltage relation. 
That is, we may write, 

(5) 


where v is the voltage impressed on the grid, in this case the modu- 
lated wave, and 7 is the resulting current. As the first term is in- 
dependent of v and the second represents simple amplification, detec- 
tion * can result only from the third term, av. Since a» multiplies 
all components of 7 alike, we may neglect it and simply consider the 
square of the expression for the modulated wave. This results in a 
series of terms which are the squares of the individual components 
and another which are their products taken in pairs. Since 


cos? x=} (1+cos 2x), (6) 


the square terms will yield only direct current, and currents of ap- 
proximately twice the carrier frequency. The product terms, each 
of which contains the product of two cosines, may, as in the case of 
the modulated wave above, be transformed into the sum of two 
cosine terms the frequencies of which are respectively the sum and 
difference of the component frequencies. Of these only the difference 
frequencies can lie in the range of the original signal. In other words, 
we may think of the reproduced wave as made up of the sum of all the 


* In practice this parabolic law seldom holds strictly, and secondary contributions 
are made to the detected wave by terms of higher power. 
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heterodyne beat notes resulting from all the pairs of component 
sinusoids of the modulated wave. 

The carrier component, C cos pt, beating with a component ot 
the upper side-band, } k C S cos {(p+g) t+ ©], equation (4), gives 
the beat note or reproduced component, 
rs, C? Scos (qgt+ 6), (7) 


which is identical in frequency and phase with the corresponding 
component of the signal, and has an amplitude proportional to that 
of the signal component. Exactly the same expression results from 
beating the carrier and the corresponding component of the lower 
side-band. These two low frequency components, being in phase, 
add directly to give 

r=k (* S cos (qt+@) 


as the reproduced component. As the factor k C? is independent 
of g, all of the signal components are reproduced with the same rela- 
tive amplitudes and phases, as in the original signal. Their sum is 
therefore k C? F(t), and the signal is accurately reproduced. 
However, there are still other components of the modulated wave 
to be considered. Every pair of components in one side-band beat 
to give the difference of their frequencies, which is also the difference 
of the corresponding signal components. The corresponding pair of 
components of the other side-band yield an identical component and 
the two add in phase. Similarly every component of one side-band 
beats with every component of the other, giving in each case the 
sum of two component frequencies of the signal wave. Like the 
difference frequencies, each of these sum frequencies is produced 
twice. The combination of the components of the two side-bands 
which were derived from the same signal component vields a com- 
ponent of twice the frequency of the signal component. The addi- 
tion of these extraneous components serves to distort the reproduced 
wave in a manner quite similar to that of external interference. It 
is of interest therefore to consider the magnitude of these distorting 
components relative to the reproduced signal. The product of two 
side-band components of amplitudes 3 k C S and } k C S’, equation 
(4), gives as the amplitude of one of the two components of the differ- 
ence frequency, = ,4kC? SS’. Comparing this with the ampli- 


tude, } k C? S, equation (7), of one of the two reproduced signal com- 


( 
ponents of frequency 4, the ratio of the undesired to desired compo- 
us 


nent is found to be } k S’. It is evident that this type of distortion 
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increases with the degree of modulation, &, or, as will be discussed 
more fully later, with the ratio of carrier to side-band.* 


SINGLE SIDE-BAND TRANSMISSION 


So far it has been assumed that the wave applied to the detector 
is identical with that produced by the modulator, a condition seldom 
encountered in practice. For, in addition to the undesired modifica- 
tions which the modulated wave undergoes because the transmission 
characteristics of practical circuits are not ideal, there are other 
changes which when properly made yield distinct advantages. These 
intentional changes will be discussed first. 

It will be remembered that any component of the signal can be 
reproduced by the combination of the carrier with either side-band. 
Hence it is unnecessary to transmit both side-bands. Suitably 
designed electrical filters make it possible to transmit one side-band 
and effectively suppress the other... This makes possible a very 
great saving in the frequency range required per channel. It is of 
particular importance for long wave radio telephone transmission 
where the width of a single side-band is so large a fraction of the total 
frequency range available that the number of independent channels 
is at best very limited. The intensive development of a limited 
frequency range by the use of single side-band transmission has prob- 
ably progressed farthest in connection with carrier telephony over 
wires. Here commercial service is being given over circuits on which 
the carrier currents of adjacent channels are separated by only 3,000 
cycles. It is obvious that the transmission of both bands would 
nearly double this separation, thereby halving the number of channels 
per circuit. There is, of course, no reason why similar savings may 
not be effected in the field of radio transmission. In addition to this 
major advantage there is an incidental improvement in the quality 
of reproduction, for the distorted components resulting from beats 
between components of the two side-bands, that is, the sums of the 
signal frequencies, are eliminated. 


CARRIER SUPPRESSION AND HOMODYNE RECEPTION 


The other important modification has to do with the so-called 
“unmodulated "’ component of carrier frequency, C cos pt, in equation 

4A similar form of distortion generally occurs in modulation, resulting in new 
components being produced in the frequency range of the side-band. 


5 For a description of such filters see the Colpitts and Blackwell paper referred to 
above. 
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(3). As already pointed out, good signal reproduction requires that 
at the detector this shall not be too small relative to the side-bands 
However, it is merely a continuous alternating current, and does not 
itself partake of the signal variations. It is therefore immaterial 
whether it is transmitted from the modulator or is supplied to the 
detector by a local source such as an oscillator. The elimination ot 
this component from the modulated wave at the sending station is 
spoken of as “carrier suppression,”” and its re-introduction at the 
receiving end as “homodyne” or “zero beat” reception. The term 
homodyne implies supplying the same wave as distinguished from 
heterodyne, meaning another. Zero beat refers to the bringing of 
the local carrier into synchronism with the sending carrier by reducing 
the beat note between them to zero frequency. While homodyne 
reception is essential to carrier suppression, the reverse is not true. 
The reception of an ordinary modulated wave may sometimes be 
improved by the addition of carrier at the receiving end. 

The primary advantage of carrier suppression lies in the saving of 
sending power which it makes possible, or, what is equivalent, the 
increase in range made possible when all the power of a given station is 
utilized in the side-band. Of the various ways in which this sup- 
pression may be accomplished, the simplest is by the use of a so-called 
balanced modulator as shown schematically in Fig. 3. Carrier fre- 
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Fig. 3-—Balanced modulator 


quency from the source C is applied to the grids of two vacuum tubes 
in the same phase, while signal currents, indicated at S, are applied 
to the two in opposite phase. The two plate circuits are differentially 
connected with a common output circuit. In the absence of signaling 
current the amplified carrier frequency currents from the two tubes 
neutralize each other and nothing is transmitted. With the applica- 
tion of signaling current one grid is raised in potential and the other 
lowered, with the result that more radio frequency is developed by the 
first tube than by the second and the excess appears at O. The 
magnitude of this radio frequency current is proportional to the in- 
stantaneous value of the signaling current. Upon reversal of the 
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lirection of the signaling current the effect of the second tube pre- 
Jominates and radio frequency is again transmitted, this time with the 
ohase reversed, owing to the differential connection. The wave form 
ff a signaling current and the resulting output current are roughly 
is shown in Fig. 4, A and B. If this output be amplified for trans- 
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mission there will be no load on the amplifier and antenna except 
during actual speech, when it will be proportional to the intensity of 
the speech. 

That these intermittent pulses of carrier frequency produced by a 
balanced modulator are equivalent to a modulated wave from which 
the carrier frequency component has been removed, may be easily 
shown. Consider a single sinusoidal component S cos (¢t+0), of 
the signaling wave which is applied to the balanced modulator. The 
resulting output current is a wave of carrier frequency, the amplitude 
of which is proportional to C and to S and varies cyclically with a fre- 


quency z between the values +A C S and —K C S, where K isa 
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constant of proportionality and the negative amplitude indicates . 
reversal of phase during half of the audio frequency cycle. Such . 
variation may be represented by the expression 


1=K C Scos (qt+@) cos pt. (9 


Taking the sum of these expressions for all the components of th: 
signal gives the second term of equation (3) which was shown to rep 
resent the side-bands. 

In estimating the power saved by carrier suppression the com 
parison should be made with a system transmitting the carrier whic! 
has been so adjusted that the power is used to the best advantage 
So far as a single signal component is concerned this would call for 
making the carrier and side-band equal, as their product would then 
be a maximum. This, however, would imply that the distorting cur- 
rents from the interaction of two side-band components would be as 
large as the signal currents themselves. That is to say, quality 
considerations require that the major part of the transmitted power 
be in the carrier component. Quantitative data on the relation be- 
tween the ratio of carrier to side-band and the quality of transmission 
has been secured in the laboratories of the Western Electric Company, 
and it is hoped it will be published in the near future. Briefly, the 
results indicate that the good quality which is obtained when the 
carrier component is large falls off very rapidly as the magnitude of 
the carrier component is reduced so as to approach that of the side- 
band, the latter being measured when a sustained ‘‘ah”’ sound is used 
as the signal. Under these conditions the side-band is sustained at a 
value about equal to the maximum occurring in ordinary speech. 
That is to say, even the peak power in a carrier suppression system is 
less than the carrier component alone in an ordinary system adjusted 
to give the same side-band. From these considerations it appears 
that there has been a tendency to attach undue significance to ‘‘com- 
plete modulation,’ as a more or less unique and ideal condition of 
operation. For nothing revolutionary occurs as the carrier is de- 
creased thru the value corresponding to that condition. The dis- 
tortion due to interaction between the side-bands is present for larger 
values of carrier and continues to increase progressively for smaller 
values. The exact degree of modulation to be permitted therefore 
depends upon the standard of quality to be met. In a carrier sup- 
pression system the degree of modulation, k, approaches infinity more 
or less closely depending on the completeness of the suppression. 

In addition to making possible the use of carrier suppression, 
homodyne reception presents other advantages. It furnishes a ready 
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neans of increasing the intensity of the reproduced signal, since this 
s proportional to the carrier component at the receiver as well as to 
he side-band. Also, by making the carrier large, k is made very 
mall and the distorting currents due to interaction of the side-bands 
become negligible. The use of a large local carrier in homodyne 
radio telephony assists in frequency selection in the same way as does 
the hetrodyne wave in radio telegraph reception. Suppose an inter- 
fering message is separated from the desired one by only a few thou- 
sand cycles and so is not entirely suppressed by the receiving selective 
circuits. Currents of voice frequency can be reproduced from its 
side-bands only by interaction with its own carrier, and hence they 
will be small compared with those of the desired message, which are 
proportional to the local carrier. On the other hand, the large cur- 
rents due to the interfering message and local carrier will all have 
frequencies above the voice range, and so can be suppressed by selec- 
tive circuits in the output of the detector. 

The same general reasoning applies also to static interference. 
Appreciable interfering currents of signal frequency can result only 
from those components of the static wave which lie in the frequency 
range of the side-bands. Moreover, they will bear the same ratio 
to the signal currents as do the static components to the side-band 
components. We may conclude, then, that when means are pro- 
vided for eliminating all of the static except that which is inherently 
inseparable from the signal, the disturbing effect of the residue is 
determined solely by the relative magnitude of the side-band com- 
ponents and the static components which lie in the same frequency 
range. As the object of high power stations is to make the signals 
large compared with the static, the importance of concentrating the 
power in the side-bands rather than in the carrier is obvious. 


EFFECT OF RApIO DISTORTION 


Let us pass now from the intentional modifications of a modulated 
wave and consider the effects of unintentional distortions. Limiting 
our attention first to systems in which the carrier is transmitted, we 
have to consider the effect of distortion such as might be introduced 
by the sending and receiving circuits and the transmitting medium. 
Assuming the characteristics of these to be known in terms of their 
transmission of sinusoidal components of various radio frequencies, 
we wish to determine their effect on the amplitudes and phases of 
the components of the reproduced wave. We shall assume the 
current-voltage relations in the transmission system to be linear, so 


| 
=) 
pe: 
3 
i 


102 BELL SYSTEM TECHNICAL. JOURNAL 


that no new frequencies are introduced. Then any possible distor- 
tion in the modulated wave may be represented by assigning thi 
proper amplitudes and phases to all of the components. Correspond- 
ing to a single component of the signal we may write for the received 
wave 
m=B cos (pt—)+B, cos |(p+q) t+o—o4 

B_cos |(p—q) (10) 


where the amplitude, B, and phase lag, ¢, may vary in any arbitrary 
manner for the different components of the modulated wave. We 
shall assume that B is always large enough compared with B, and 
B_ that the interaction between the side-band components may be 
neglected. It will be seen that the single frequency components 
reproduced from the two side-bands are not in general equal nor in 
phase and may either aid or tend to neutralize each other. They 
will be of the form, 


r=B' B, cos |qt+o—(o4 —¢)|+B_cos (11) 


Taking the resultant of these two gives as the component of the 
reproduced wave, 
r=R cos (g¢i+o—-W) (12) 
where 
b*, _+2 By, B_cos [(@4 (13) 
po B. sin (os —6)+B sin (14) 
B, cos —o) + B_cos 

It is evident that both the amplitude, R, and the phase shift, ¥, 
of the reproduced component depend upon both the amplitudes and 
phases of the corresponding components of both side-bands and on 
the phase of the carrier. The amplitude depends also on the ampli- 
tude B of the carrier, but as variations in this affect all components 
alike, they do not alter the wave form of the reproduced signal, but 
only its magnitude. 

The expressions for the reproduced wave become much simpler 
for a system in which one side-band, say the lower, is suppressed. 


Then 


B_=0 (15) 

and equations (13) and (14) reduce to 
R=BB, (16) 
VW =¢. —¢. (17) 


The amplitude of the reproduced component is independent of the 
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phases in the modulated wave, and is proportional to the amplitude 
of the side-band component. Hence amplitude distortion of the 
reproduced wave can result only from unequal transmission of the 


different component frequencies of the side-band. The change in 
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the amplitude curve for the signal will be identical with that of the 
side-band. The phase shift, ¥ is independent of amplitude distor- 
tion of the modulated wave. It is equal to the difference between 
the phase lags of the side-band component and the carrier. Fortu- 
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nately the quality of telephone reproduction is not seriously impaired 
by shifting the phases of the various components by even as much as 
several cycles. In telegraphy, however, the shape of the signal current 
which operates the relay depends very much on the preservation of 
the proper phase relations of the components, and the entire nature 
of the signal may be changed by phase shifts of even a fraction of a 
cycle. 

It is worth while then to examine some of the phase shifts which 
are likely to occur in practice. Transmission of a sinusoidal wave 
thru the free ether involves a phase lag proportional to the distance 
and to the frequency. Hence the phase lags, ¢, and ¢, due to this 
cause, will be proportional to p+q and p respectively, and their 
difference, VW, will be proportional to g. Replacing Y by h q in equa- 
tion (12) and regrouping terms gives 


cos |q(t—h) +0]. (18) 


By displacing the origin of time by / this becomes identical with 
the original signal component. Also, since hf is independent of g, the 
same time shift brings all the components into agreement; that is, 
a phase shift proportional to the frequency does not distort the wave, 
but merely delays it by the corresponding time of transmission.’ 
In considering the terminal circuits then it is only the departure of 
their phase lag versus frequency curve from a straight line that need 
be considered as a source of distortion. It is of interest to note here 
that for most filters this relation is approximately linear thruout 
the range of free transmission. The actual curves for a particular 
band filter are shown in Fig. 5, where there is plotted against frequency 
the relation of the amplitude and phase of the current at the third 
section of an infinite filter to those of the voltage applied to the first 
section. It will be noticed how the phase curve departs abruptly 
from a straight line at the edges of the band where the sudden drop 
in the amplitude curve occurs. Similarly Fig. 6 shows how in the cur- 
rent-voltage relation of a simple vesonant circuit, the distortion of 
phase and of amplitude occur together. 

In case both side-bands are transmitted, a simple relation is found 
if the distortion is symmetrical with respect to the carrier frequency. 
By this is meant that, however, the different components are distorted 
relative to each other, for every signal component the two corre- 
sponding side-band components are equal in amplitude and are 
° For a fuller discussion of this point see a paper by T. C. Fry on “Theorie des 


binauralen Horens nebst einer Erklarung der empirischen Hornbostel-Wertheimer- 
schen Konstanten,” ‘‘ Physikalische Zeitschrift,”” 23, page 273, 1922. 
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shifted in phase relative to the carrier by the same amount; that is 
to say, for every value of g considered separately, 


(19) 


(22) 


The same considerations as to distortion of the side-band apply 
here as for the single side-band. There is one point, however, of 
some practical significance. As is evident from Fig. 6, the charac- 


AMPLITUDE- FREQUENCY AND PHASE FREQUENCY 
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teristics of a resonant circuit come very close to satisfying these 
symmetrical conditions if the carrier coincides with its resonance 
frequency. Its effect on the amplitude and phase curves of the re- 
produced signal may therefore be derived independently from the 
amplitude and phase curves of the tuned circuit. If, however, the 
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circuit be detuned, this symmetry is upset and we are forced to the 
complicated relations of equations (13) and (14), from which it is 
difficult to draw general conclusions. 

An interesting case of unsymmetrical transmission is that in which 
one side-band is only partially suppressed owing to insufficient 
selectivity. Let us assume that the upper side-band is transmitted 
without distortion. Then for a given amplitude of the lower side- 
band its effect on the amplitude curve of the reproduced signal will 
be worst when the phase relations are such that for some frequencies 
it aids the upper side-band and for others it opposes. The greatest 
fractional change in the amplitude of any one signal component due 
to the presence of the lower side-band occurs when the two oppose. 
It is then reduced in the ratio 


B, —R 


= — — 
B, 


Thus, if the lower side-band component were a tenth of the upper, 
the most it could do would be to change the amplitude of the signal 
compcnent by a tenth. Such a change would have little effect on 
telephone quality, particularly as it would have this maximum value 
at only a few frequencies. The case of telegraphy is rather different. 
Here the two side-bands lie so close together that it is practically 
impossible to separate them by radio selective circuits, and even 
when, as in wire transmission, so low a carrier frequency is used that 
the two may be separated fairly well by filters, the side-bands cor- 
responding to the lower signal components differ so little in frequency 
that even a sharp filter does not produce very great discrimination 
between them. This, coupled with the fact that the phase shift 
of a filter ceases to be linear near the edge of the transmitted band, 
leads to very considerable amplitude distortion. 

The effect of the unsuppressed side-band on the phases of the re- 
produced components is also rather complicated. Equation (14) 
shows that it is a maximum when 


in which case the presence of the lower side-band changes tan W from 
Q to g>- As in the case of amplitude, this effect is unimportant in 


telephony, but would need to be considered in telegraphy. 
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PHASE OF THE LOCAL CARRIER 


Coming now to homodyne reception, the important new factor 
to be considered is the fact that the carrier component is now per- 
fectly arbitrary in amplitude and phase. This is true even tho the 
sending carrier is not suppressed, for, by suitably choosing the local 
carrier, the resultant of the two may be given any desired value. Since 
the amplitude of the carrier affects only the magnitude of the re- 
produced signal as a whole, we need consider here only the effect of 
arbitrary values of its phase, ¢. For simplicity we shall assume that 
the modulated wave reaches the receiver unchanged except for the 
phase lags involved in undistorted transmission. Let us designate 
by ¢; the phase lag of the carrier which is received from the trans- 
mitting station or would be received if it were not suppressed. Then 


where 7 may be regarded as the phase displacement of the local carrier. 
Consider first a system in which one side-band is suppressed. From 
equation (16), the amplitudes of the reproduced signal componants 
are independent of the phase of the carrier. From equation (17), 

the phase, 
VW —¢1—7. (26) 


But ¢, —¢@: represents only the phase shifts of undistorted trans- 
mission; that is, the delay suffered by the signal as a whole. Hence 
the net result is that all components have their phases shifted by 
the same amount; namely, the phase displacement of the carrier, 
which can never be more than a single cycle. For telephony this is 
of no practical importance, but it is evident that in a telegraph system 
using side-band suppression and homodyne reception the phase of 
the local carrier would have to be very carefully controlled. 

Consider now the case of homodyne reception of both side-bands 
received without distortion; that is, 


B, =B_=B, 


and 


From these relations and equations (13) and (14) we get 
R=2 B B..cos 7. 
W=hq. 


This shows that the amplitude of every component varies as cos 7; 
that is, when the local carrier is in phase or 180° out of phase with the 
received carrier the reproduced components are maximum; for inter- 
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mediate values they decrease, becoming zero when the two carriers 
are in phase quadrature. The phase lag, / q, is that due to trans- 
mission alone; that is, the phases of the reproduced components are 
independent of the phase of the local carrier. Since the phase of the 
local carrier affects only the amplitudes and affects these the same for 
all components, it does not alter the wave form of the reproduced 
signal, but does affect its magnitude very materially. 

Thus in a carrier telephone system fluctuations in the phase of the 
local carrier are much more serious when both side-bands are trans- 
mitted than when one is suppressed, the only effect then being an 
unimportant phase distortion. In a carrier telegraph system, how- 
ever, the amplitude fluctuations which occur when both side-bands 
are transmitted may not be particularly troublesome siice telegraph 
receiving apparatus is designed to operate over quite a range of signal 
intensity. The phase distortion occurring in single side-band trans- 
mission is however serious. It may perhaps be considered fortunate 
that the requirements as to phase regulation are least severe in tel- 
ephony with a single side-band and in telegraphy with both side- 
bands, since these modes of operation appear on other grounds to be 
the most practical for the two cases. 

In comparing single and double side-band transmission it is inter- 
esting to note that for equal sending power, the power of the repro- 
duced signal component is twice as great with two side-bands as with 
one. However, the power of the same frequency resulting from 
static is also twice as great, so that the ratio of signal to interference 
is the same in both cases. To show this, let B, be the amplitude of a 
component of the single side-band and B, that of each of the cor- 
responding components of the double side-band. Then equality of 
power gives 
B,?=2 B,’. (31) 


For the single side-band the amplitude of the reproduced component is 
R,=g B,, (32) 

where g is a constant of proportionality. The power, 

P,=} g? B,*=g? B,?. (33) 


(The resistance is here omitted as it is assumed constant thruout.) 
For the double side-band, since the two components are in phase, 
the resultant amplitude, 

R,=2 g Bz, (34) 


and the power, 


P,=2 g? P,. (35) 
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If the static be assumed to approximate an impulse, the ampli- 
tudes of all its components will be sensibly the same. If we call this 
amplitude S, then, in the case where the receiving circuit admits 
only one side-band, the amplitude of the reproduced interfering cur- 
rent of the frequency of the signal component is 


I,=g 5S, (36) 
and its power, 
W,=3 2? S*. (37) 


With both side-bands this icteie current is made up of two equal 


components derived from the static components of frequencies 


respectively. The phase difference e€ between these two will 


be accidental, so for any one case the resultant amplitude, 


I,=2 ¢ S cose, (38) 
and the power, 
W,=2 S cos? «. (39) 


As all values of € are equally probable, we may average Wy with 
respect to e, whence 
W2=2? S=2 (40) 


There is then no choice between one and two side-bands on the 
basis of the ratio of signal to interference. With a single side-band, 
the major advantage of economy in frequency range is secured at the 
expense of the minor disadvantage that to give the same response 
the amplification of the receiving set must be greater by a factor of 
two in power, or about three mies of standard cable. 


UsE oF NON-SYNCHRONOUS LOCAL CARRIER 


In practice, however, unless the receiving carrier frequency is con- 
trolled by the same source as the sending carrier, it is rather difficult 
to maintain even the frequencies alike, to say nothing of the phases. 
Let us suppose that the local carrier is out of synchronism by a small 
amount, m. Consider first the simplest case where the carrier is 
suppressed and one side-band only is transmitted. The local carrier 
beating with each component of this side-band gives a component 
of normal amplitude, but of a frequency differing from that of the 
original signal component by . That is, all the frequencies of the 
speech are raised or lowered by the same amount, m. This must alter 
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the wave form very decidedly, but the surprising thing is that in 
telephony the intelligibility is not seriously affected when the differ- 
ence is made as much as fifty cycles or so. The apparent pitch of 
the voice changes, of course, as is varied. 

If the carrier is transmitted, either intentionally or thru incomplete 
suppression, the situation is less favorable to asynchronous recep- 
tion. The two carriers then beat together, giving a component of 
frequency » which may be troublesome if the received carrier is large. 
However, its frequency is generally below the voice range, and so it 
can be suppressed by a filter in the detector output. In addition the 
received carrier beating with the side-bands gives the components 
of the original signal. These are superposed on the displaced speech 
from the local carrier, the corresponding components of the two 
differing in frequency by 2. As a result, the two sounds beat to- 
gether just as two tuning forks would. For very little differences 
in frequency a periodic rise and fall in intensity is heard. When the 
difference is increased so that the individual beats can no longer be 
distinguished, a sensation of roughness results. And when the differ- 
ence is made still greater the two waves may be heard as separate 
sounds of noticeably different pitch. The prominence of this beating 
effect depends, of course, upon the relative magnitude of the two 
carriers, since the two sets of speech currents are in the same ratio 
as the two carriers. 

This effect of the received carrier may be very much reduced, and 
in the ideal case entirely eliminated, by the use of a balanced de- 
tector similar in structure to the balanced modulator of Fig. 3. It 
can be shown that with such a circuit the combination frequencies 
resulting from any two components applied at S are neutralized in 
the output circuit, while the combination of each with the carrier 
applied at C is transmitted. Thus if the side-band and received 
carrier enter together at S, the components having the original signal 
frequencies are eliminated and only the displaced components remain. 

When the other side-band is added, the situation is still further 
complicated. In the absence of received carrier, the local carrier and 
one side-band give a set of components the frequencies of which are 
greater than those of the signal by m, while the carrier and other side- 
band give a set less by the same amount. These two sets combine 
in much the same way as do the displaced and normal speech ob- 
tained with a single side-band and received carrier. Here, however, 
the beat frequency is 2 ». Also, as the two sets are equal in ampli- 
tude, the beats will be much more pronounced, the intensity falling 
to zero each time the two waves are in opposition. For slow beats the 
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apparent pitch of the sound is half way between the frequencies of 
the two equal components, and so the normal voice frequency will be 
heard. With large frequency displacements of the carrier the two 
displaced speech waves, being of equal intensity, will be more easily 
distinguished than in the case of the single side-band. 

It is interesting to note that this result, as well as the frequency 
shift that occurs with a single side-band, follows directly from the 
relations arrived at above for the phase displacement of a synchronous 
carrier. The non-synchronous carrier may be thought of as a syn- 
chronous one the phase of which is varied with the frequency of the 
departure from synchronism. With a single side-band it was shown 


that a phase displacement of the carrier affects only the phase of the 
reproduced component and that it changes this by an amount equal 


to its own displacement. This progressive phase displacement in 
all the components of the reproduced wave is, of course, equivalent 
to a change in their frequencies equal to the frequency displacement 
of the carrier. With both side-bands present, a phase displacement 
was shown to have no effect on the phases but to change the ampli- 
tudes of the reproduced components by the factor cos ». Thus a 
progressive change in 7 will cause a cyclic variation in amplitude 
having two minima for each cycle of n; that is, a frequency of 2”. 

If the two side-bands are accompanied by the carrier there are 
added the beat note of the two carriers and the components of the 
original signal. The addition of a small amount of this speech of 
uniform amplitude to that of varying amplitude already present 
merely tends to make the variation slightly less pronounced. From 
the foregoing it appears that for telephony the most favorable condi- 
tion for using a local carrier which is out of synchronism is that in 
which only one side-band is transmitted. Fairly considerable fre- 
quency variations are then permissible and asynchronous operation 
appears to have practical possibilities. 

For telegraphy the case is quite different. In the first place the 
important components of telegraph signals are much lower in fre- 
quency, so that the side-band lies closer to the carrier, and a much 
smaller absolute displacement of the carrier frequency is needed to 
give the same effect as in the telephone case. Considering only such 
small displacements, it appears that the general addition or sub- 
traction of frequencies which occurs with a single side-band will alter 
the shape of the signals quite seriously. The slow fluctuations in 
signal intensity which occur with both side-bands are probably less 
serious over most of the cycle. However, they might well cause some 
signals to be lost entirely each time the intensity passed thru zero. 


3 
i 
j 
4 
4 


112 BELL SYSTEM TECHNIGAL JOURNAL 


For asynchronous reception, then, just as for the case of a local 
carrier displaced in phase, single side-band transmission is preferable 
for telephony and double side-band for telegraphy. The difficulties 
are of the same general nature in the two cases, but with the asynchron- 
ous carrier they are considerably greater. This is in agreement with 
the idea expressed above, that lack of synchronism may be looked 
upon as an aggravated case of phase displacement. 
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Public Address Systems: 


By I. W. GREEN and J. P. MAXFIELD 


Synopsis: A public address system comprises electrical equipment to 
greatly amplify a speaker’s voice so it will reach a much larger assemblage 
than he could speak to unaided. Beginning with the presidential conven- 
tions of the two major parties in 1920 and the inaugural address of President 
Harding in March 1921, when a special address system installed by the 
telephone engineers enab ied him to address an audience estimated at 125,- 
000, there followed in rapid succession, many public events demonstrat- 
ing the value of such systems. One of the most notable of these occurred 
on Armistice Day 1921, when the speeches, prayers and music at Arlington, 
Virginia, were heard, not only by 100,000 persons gathered there at the 
National Cemetery, but by some 35,000 in New York City and 20,000 in 
San Francisco. On this occasion the three public address systems, one 
for each of these cities, were joined by long distance telephone circuits. 

The fundamental requirements of a satisfactory public address system 
are naturalness of reproduction and wide range of output volume. The 
meeting of these two requirements for music proves more difficult than for 
speech. 

The public address system here described is most readily considered in 
three sections—‘‘ pick-up” apparatus which is placed in the neighborhood 
of the speaker and converts his words into undulatory electric currents; a 

vacuum tube amplifier for amplifying these currents; and a ‘‘receiver- 
projector’ for reconverting the current into sound waves and distributing 
the sound over all of the audience. In the present system each of these 
three parts of the equipment has been designed with the intention of 
making it as nearly distortionless as possible, so that the various parts 
might be adaptable for audiences ranging in size from possibly one 
thousand to several hundred thousand, and might also be used in connec- 
tion with the long distance telephone lines and with either radio broad- 

casting or receiving stations. One of the larger public address systems is 
easily capable of magnifying a speaker’s voice as many as 10,000 times. 

The pick-up device whether of the carbon microphone variety or a con- 
denser transmitter need not be placed close to the speaker's lips but will ? 
operate satisfactorily when four or five feet away. The loud-speaking 
receiver mechanism is so designed that it will carry a power of several watts 
with small distortion. Under normal conditions, 40 watts distributed 
among a number of receiver-projectors arranged in a circle is ample to 
reach an audience of 700,000 persons.—Editor. 


HIS paper aims to present the problems encountered in the 
development of electrical systems for amplifying the voices of 
public speakers and music; and to describe the equipment as brought 
to a commercial state and now in use in the United States and various 


other countries 

The two main requirements of a successful public address or loud 
speaking system are, first, that it shall reproduce the sounds, such as 
speech or music, faithfully; and second, that this faithful reproduction 
shall be loud enough and sufficiently well distributed for all of the 
audience to hear it comfortably. Most of the development work 


1Presented at the Midwinter Convention of the A. I. E. E., New York, N. Y., 
February 14-17, 1923. Published in the Journal of the A. I. E. E. for April, 1923. 
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has been directed toward obtaining these two results under the various 
conditions which surround the operation of these systems. 

The faithful and natural reproduction of sound depends upon many 
factors, of which the following are some of the more important: The 
acoustics of the space in which the sound originates, the characteristic 
of the loud speaking system itself and the acoustics of the space in 
which the sound is reproduced. Where the sound is picked up and 
reproduced in the same space, as is the case when the speaker is using 
one of these systems to address a large audience locally, there is a 
reaction between the horns and the transmitter or pick-up mechan- 
ism which is controlled by the acoustic conditions under which the 
system is operated. 


ACOUSTICS OF THE SPACE 


In connection with the acoustics of the space in which the sound 
originates, or in which it is reproduced, four factors stand out. These 
concern the effects of reverberation, of echo, of resonance, and of 
diffraction. In the specific cases where the sound is reproduced in 
the same space or room in which it originates, another effect is en- 
countered, which has generally been termed “singing,” and is evi- 
denced if sufficiently great by the emission of a continuous note from 
the equipment. 


Reverberation is caused by reflection and is evidenced by the 
persistence of the sound after its source has ceased emitting. When 
the reverberation in the space in which the initial sound is being 


picked up is sufficient to cause one sound to hang over and become 
mingled with succeeding sounds, in other words, so that the sound 
from one syllable interferes with that of the succeeding syllable, it is 
practically impossible to improve the acoustic conditions solely by 
the use of the public address system. In such a case, the first pro- 
cedure is to place material which absorbs sound in the space. The 
purpose of this absorbing material is to lower the time required for the 
sound to die away after the source ceases to emit. The amount which 
any given material lowers the time of reverberation depends not only 
upon the amount of material introduced, but also upon its disposition 
within the space. 


The term ‘‘echo” applies to a similar phenomenon, but is gener- 
ally used where there is sufficient time lag between the reflected sound 
and that originally emitted, so that two distinct impressions reach 
the ear.” 


ic sment Sabine, Harvard University 
2Collected Papers on Acoustics, Wallace Clement Sabine, Harve 1 
Press, 1922. 
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The troubles encountered from echoes usually occur only in large 
buildings or large open spaces surrounded by buildings, trees, or other 
obstacles and are generally associated with interferences with the 
reproduced sound rather than with the original sound. There are 
cases, however, particularly in auditoriums, where some of the walls 
or ceiling are large curved surfaces, in which case localized echoes 
may result. The speaker's voice or extraneous sounds from the 
audience may be reflected from one or more of these surfaces to focus 
spots where the volume of sound is consequently abnormally great. 
It is important, therefore, that the transmitter which is picking up 
the sound shall not be located at one of these spots. These points of 
localized echo are particularly troublesome also when they occur 
in the space occupied by the audience. Under these conditions not 
only is the sound intensity too great, but the character of the sound 
is altered and very often badly confused. The avoidance of such 
difficulties is a matter of test and the proper arrangement of the 
reproducing mechanism, as will be seen later in some detail. 


The effect of resonance seldom occurs in connection with the am- 
plified and reproduced sound, inasmuch as the spaces dealt with are 
large and their natural frequencies are too low to be troublesome. 
Resonance usually becomes of importance in connection with mount- 
ing the pick-up apparatus or transmitter. It generally results from 
attempts to conceal the transmitter by placing it in some form of 
small enclosure. The best form of housing from an acoustic stand- 
point consists of a screen cover which protects the instrument from 
being struck or injured but in no way affects the sound reaching it. 


Resonance produces a distortion which it has been customary to 
consider as of two varieties. First, there is an unequal amplification 
of sounds of various frequencies and second, there is the introduction 
of transients. These transients occur whenever the sound changes 
but are most easily recognized audibly by their continuation after 
the source has ceased emitting. They also have frequency character- 
istics which depend not only on the sound which started them but 
also upon the character of the resonant portion of the system. 


The troubles introduced by diffraction are seldom of very great 
importance except where the sound is reflected from regularly spaced 
reflectors or passed through regularly spaced openings. (Quite serious 
diffraction troubles have been encountered when operating a loud 
speaker in a large field, surrounded by an open work board fence, the 
trouble being evidenced by very distinct areas, particularly at the 
outskirts of the audience, where the sounds were badly distorted. 
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The difficulties encountered as a result of “singing’’ form one of 
the most troublesome problems connected with the actual operation 
of these systems. When a portion of the sound emitted by the pro- 
jectors reaches the transmitter with sufficient intensity, that its re- 
production is as great as the originally emitted sound from the pro- 


jectors, and with such phase relation that it tends to aid the original - 


sound, the system will emit a continuous note. Moreover, when the 
portion of the sound from the projectors which reaches the trans- 
mitter is not sufficient to cause a continuous note, it may be sufficient 
to cause considerable distortion of the speech or music. In excessively 
reverberant halls these conditions are often fulfilled when the actual 
amplification is so small that the people at the distant points are 
scarcely able to hear the speaker. In all cases in our experience the 
difficulty has been sufficiently overcome by properly placing the 
transmitter with respect to the projectors. The situation is very 
much helped by the presence of the audience, which adds considerably 
to the acoustic damping of the room. 

It will be seen, therefore, that the acoustic conditions of the space 
in which loud speakers are used are of considerable importance. 


CHARACTERISTICS OF THE SYSTEM 


The first requirement of the system itself is that it shall reproduce 
speech or music faithfully. A system is said to do this, or in other 
words, its quality is called perfect, when the reproduced sound contains 
all of the frequencies, but no others, contained in the original sound 
striking the “pick-up"’ mechanism, and when these frequencies have 
the same relative intensities that they had in the original. 

An imperfect or distorting system is one which fails to fulfill this 
requirement. There are two main types of distortion which had to be 
considered; the first being the unequal amplification of the system 
for the various frequencies constituting the sound and the second 
being the introduction of frequencies not present in the original 
sound. For simplicity of discussion, this last class will be divided 
in three parts, namely: the effect of transients, the effect of asym- 
metric distortion and the effect of disturbing noises. 

The effect of transients has already been mentioned in connection 
with acoustics and they, of course, produce the same type of dis- 
tortion whether they occur in the acoustic or the electrical system. 
Transients occur whenever the sound changes either in pitch or in- 
tensity, and are introduced at the beginning and ending of each 
speech sound. This modification of the characteristics of the speech 
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sounds acts to lower the intelligibility. It probably causes more 
trouble in speech transmission than the fact that the sound con- 
tinues after the source ceases. 

Asymmetric distortion affects one half of the wave differently from 
its other half. This causes the introduction of frequencies which, in 
some cases, produce very serious disturbances in the transmission of 
music and speech. The most noticeable troubles are from the forma- 
tion of sum and difference tones.* Such tones are likely to give rise 
to dissonances with the other sounds occurring in the music. In the 
case of speech asymmetric distortion manifests itself by a lower in- 
telligibility. 

The effect of foreign noises sometimes encountered is twofold. 
First, they influence the ability of the listener to hear the character- 
istics of the speech sounds and hence tend to lower the intelligibility 
Secondly, the constant attempt of the hearer to sort out the speech 
sounds or music through the disturbing noises tires him appreciably. 
In order that this strain shall be inappreciable, it is desirable that the 
sound delivered by the system shall be at a power level approximately 
10,000 times that of the noise. 

The second general requirement which is placed on a successful 
system is that it shall deliver its faithful reproduction loud enough 
for all the audience to hear it comfortably and enough above noise 
for good intelligibility. In this connection there have arisen one or 
two interesting points bearing on the psychology of hearing. One 
of the most striking of these is concerned with the coordination be- 
tween hearing and seeing. Although the projectors are usually 
mounted twenty or more feet above the speaker's head, and in some 
exceptional cases, slightly to one side of him, the majority of the 
audience is conscious of only one source of sound, and that appears 
to be the speaker himself. 

This phenomenon is so marked that in several cases the question 
has been rasied in the minds of the listeners as to whether the system 
was functioning. They could only be convinced that it was by having 
it shut down for a few seconds when their inability to hear made them 
realize how successfully the system could operate. 

Another of these psychological phenomena deals with the apparent 
distortion of the voice when its intensity at the ears of the listener 
is too great or too small. If the speaker is talking in a normal con- 
versational tone, his voice contains a larger percentage of low fre- 
quencies than is the case when he is raising his voice to a considerable 


Origin of Combination Tones in Microphone-Telephone Circuits. E. Waetz- 
mann, Annalen der Physik, Vol. 42, 1913. 
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volume. If the loud speaker so amplifies this voice that it reaches 
the audience with such volume that their instinct tells them that the 
speaker should be shouting, the system appears to make his voice 
sound quite heavy and somewhat unnatural. It has been found 
necessary, therefore, to so regulate the amount of amplification that 
the people at the furthest portion of the hall can hear comfortably 
and the volume of sound shall not be permitted to become any louder 
than necessary to meet this condition. On the other hand, if the 
volume is insufficiently loud, certain of the weaker speech sounds are 
entirely lost, and it becomes difficult to understand.' 


SOLUTION OF THE PROBLEM 


With these considerations in mind it may be interesting to take 
a brief survey of the whole problem and the method by which the 
solution was reached. Two general methods of attack were con- 
sidered. The first was to attempt to make each unit of the system 
faithfi lly reproduce its input, while the second was to make any dis- 
tortions of one part of the system, cancel those of another portion, 
so that the complete system would operate satisfactorily. In either 
case, it was desirable to keep each’ unit free from asymmetric dis- 
tortion, as this type of distortion cannot be easily compensated for. 

While it would probably have been simpler to follow the second 
line of attack, the greatly increased flexibility of a system in which 
each part is correct in itself was of sufficient value to cause the attempt 
to be made that way. When it is realized that these systems, to be 
commercially successful, must be capable of operating for various 
sized audiences, ranging possibly from one thousand to several hun- 
dred thousand, that they must be used in connection with long dis- 
tance telephone lines, as well as with either radio broadcasting or 
receiving stations, the desire for flexibility can be understood.® 

As a result of attempting the development in the manner already 
described, there has resulted a system which involves four functional 
units; a ‘pick-up’? mechanism or transmitter unit, a preliminary 
amplifier unit, commonly called the speech input equipment, a second 
amplifier unit commonly called the power amplifier, and a receiver- 
projector unit for transforming the amplified currents back into 
sound, and properly distributing it throughout the space to be covered. 

Physical Examination of Hearing, R. L. Wegel, Proceedings of the National 
Academy of Sciences, Volume 8, Number 7, July, 1922. 


®Use of Public Address Systems with Telephone Lines, W. H. Martin and A. B. 
Clark. Presented before A. I. E. E., Feb. 14, 1923. 
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It may be interesting at this place to determine how successfully 
these various units and the system as a whole fulfill the requirements 
of equal sensitivity to all frequencies within the important speech or 
music range. Fig. 1 shows the relative sensitiveness of the trans- 
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Fig. 1—1-Condenser Transmitter with Associated Amplifier 
2-Cirbon Trans nitter without Am>lifier. 


mitter as a function of frequency. The ordinates are proportional 
to the logarithm of the power delivered for constant sound pressure 
at the diaphragm and the abscissae to the logarithm of the frequencies 
employed. The lower of the two figures refers to the condenser 
transmitter with its associated input amplifier.” The upper refers 
to the push-pull carbon-type transmitter. These transmitters will 
be described in detail later. 

Fig. 2 shows a similar curve for the complete amplifier system, 
comprising a three-stage speech input amplifier, and a power stage 
capable of delivering approximately 40 watts of speech frequeney 
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Fig. 2—Public Address System Amplifiers. 


6 The Sensitivity and Precision of the Electrostatic Transmitter for Measurement 
of Sound Intensities. E.C. Wente, Physical Review, N.S. Vol. 19, No. 5, May, 1922 
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electrical power without distortion. In connection with these ampli- 
fiers a sharp distinction should be made between their gain rating, 
or amplification, and their overload or power rating. Gain measures 
the power amplification which can be obtained provided the input 
is small enough so that the equipment at the output end is not over- 
loaded. Overload or power rating refers to the maximum power 
which can be supplied by the amplifier without causing distortion 
of the currents being amplified. Although the power rating of power 
equipment is usually determined by the heat which can be dissipated, 
a marked distortion of wave form takes place when the iron in any 
of the apparatus is worked beyond the straight line portion of the 
magnetization curve. In the case of amplifiers, the maximum power 
obtainable is limited by the power output at which distortion occurs 
rather than by the heat which can be dissipated. 

Fig. 3 shows a chart for the characteristics of the complete system, 
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Fig. 3—Complete Public Address System with Carbon Transmitter. 


including the carbon transmitter, the speech input and power ampli- 
fiers and the receiver projector unit. 

In connection with the requirements for equal amplification of all 
frequencies, it is interesting to note that a system, which does not 
fail to reproduce equally all frequencies in the speech range by more 
than a ratio of 10 to 1 in reproduced power, is indistinguishable from 
a perfect system or from the speaker, himself. It seems probable 
that this effect is, in some way, connected with variations in the fre- 
quency sensitiveness curve of normal ears. Normal ears show a 
sensitiveness variation with frequency as great as 10 to 1 and the fre- 
quencies of maximum sensitiveness vary materially from one in- 
dividual to another.’ 


7Frequency Sensitiveness of Normal Ears, by H. Fletcher and R. L. Wegel, 
Physical Review, July, 1922. 
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It has been found that in order to transmit speech with entire 
satisfaction for loud speaker purposes, that is, sufficiently well so 
that the audience is not aware of the contribution of the mechanical 
equipment, it is necessary for the system to operate with essentially 
uniform amplification over a range of frequencies from 200 to 4000 
cycles. While there are, in speech, frequencies slightly outside of this 
range, the loss in naturalness and intelligibility by the system's 
failure to reproduce them, is slight.* 

While no such frequency range is required for intelligibility only, 
it has been found that systems not covering substantially this fre- 
quency range, sound unnatural. When the lower frequencies are 
missing, the reproduction sounds “tinny.” When the higher fre- 
quencies are missing it sounds heavy and muffled. The requirements 
for thoroughly natural reproduction of music are probably more 
severe, particularly in the low-frequency region, than are the similar 
requirements for speech, but, at the present time, complete data are 
not available to indicate the contribution of these frequencies to 
naturalness. 

In connection with the flexibility of the system, it is interesting to 
note that the speech input equipment has been designed to raise the 
power delivered by the transmitter to such an extent that it is suff- 
cient for long distance telephone transmission or for the operation of 
a radio transmitting set. The power amplifier is designed to receive 
power at approximately this level and deliver it to the projector units 
sufficiently amplified to operate them satisfactorily. 


FUTURE DEVELOPMENT 


In viewing the loud speaker field from the point of view of future 
development there are two lines of attack along which work is being 
done, and which give promise of success. These are the improve- 
ments in frequency characteristics and increase in the range of loud- 
ness which the system can accommodate satisfactorily. 

The improvement to be expected from a more uniform frequency 
characteristic is mainly an increase in naturalness, especially where 
music is being reproduced. A slight increase in intelligibility may 
be hoped for, although this factor is of little importance, as the present 
system is satisfactory in this respect. 


The other improvement mentioned, namely, the volume range, is 
probably the more difficult, but is necessary before music can be re- 


*The Nature of Speech and Its Interpretation. Harvey Fletcher, Journal of the 
Franklin Institute, Vol. 193, No. 6, June, 1922. 
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produced in a perfect manner. Rough experimental data indicate 
that the loudness in an orchestra selection may vary from one part 
of the selection to another by a ratio as great as 50,000 to 1. While 
the present equipment does not operate with entire satisfaction over 
this range of loudness, it has been found relatively easy to obtain 
good results by manual adjustment of the amplification during the 
rendering of the selection. If the gain is varied in small enough 
steps, the change is not noticeable to the listeners. 


An increase in the loudness range would render the manual ad- 


\ 


justment unnecessary and would make the reproduction a faithful 
duplicate of the music as actually played. 
TECHNICAL DESCRIPTION OF THE SYSTEM 


The foregoing discussion having described the requirements which 
must be met in order that the public address system shall successfully 
transmit speech and music, the system in its commercial form will 
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now be described. In order to make clear the arrangement of the 
equipment, a typical installation is shown in Fig. 4, this being an 
installation where the audience and speaker are in the open air, and 
where no connection is made with the long distance lines. It might 
be well to state here that with the equipment shown an audience of 
700,000 can be adequately covered. 

Some of the sound leaving the speaker's mouth is picked up by the 
transmitter, on a reading-desk type of pedestal, which is normally 
mounted at the front of the platform. 

The feeble currents from the transmitter are led by caretully 
shielded leads to the amplifiers in the control room, which is usually 


located directly beneath or to one side of the speaker's stand. A 
floor space of not more than 125 square feet is required for this room, 


even in the case where it is desirable to transmit phonograph music 
to the audience between speeches. 


The amplifier and power supply equipment is shown on the two 
panels in the center of the control room. The amplified speech cur- 
rents are led from these amplifiers to the receiver projector units, 
which, in this case, are arranged on the super-structure above the 
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speaker's platform. This position is most desirable, as the illusion 
produced is such that the voice appears to come from the speaker 
rather than from the projectors, a factor, the importance of which 
has already been mentioned. Moreover in this position the acoustic 
coupling between the transmitter and the projectors is a minimum, 
permitting the operation of the system at a satisfactory degree of 
amplification with an ample margin below the point where singing 
troubles are encountered. 

A public address equipment, similar to that just described, but 
with a somewhat lower power output, has been developed for use at 
the smaller open air meetings, and in all but the largest indoor audi- 
toriums. Fig. No. 5 shows one of these equipments, mounted on an 
automobile truck, which has been employed at a number of points 
in the eastern part of the United States. This smaller system has 
characteristics as good as the larger system in regard to faithful re- 
production of speech and music, with a power output in the order of 
one-tenth as great. An audience of 50,000 can be adequately covered 
at an outdoor meeting with this system. 

hig. No. 6 is a schematic arrangement of the equipment at an 
installation of the type shown in Fig. 4. At the extreme left are the 
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transmitters where the sound waves are picked up. The output from 
these transmitters is taken to a switching panel where means are 
provided for cutting in the various transmitters. From this panel 
the transmitter currents are taken to the transmitter amplifier, which 
is capable of amplifying them to a power level suitable for input to 
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the power amplifier, or for connection to the long distance lines, in 
those cases where the speeches are transmitted to distant audiences 
It is also suitable where connection is to be made to a radio station 
for broadcasting the speeches. The power amplifier is shown just 
to the right of the transmitter amplifier. Below it is indicated the 
power supply equipment by wh’c) the commercial power is converted 
to a form suitable for the vacuum tubes in both amplifiers. The 
output from the power amplifier is taken through a panel where 
switches and a multi-step auto-transformer are provided for the 
regulation of several projector circuits. Just above this panel is an 
indicating instrument, known as the volume indicator, provided in 
order that the operator may know what volume output is being 
delivered to the projectors. 

The projectors, at the extreme right of the figure, consist of the 
motor or receiver unit transforming the speech currents into sound 
waves, and a horn to provide the proper distribution of the sound. 

It is interesting to note the power amplification which is obtained 
in the larger of the two systems from the transmitter to the pro- 
jectors. Referring to Fig. No. 6, a chart will be seen which indicates 
the power levels through the system drawn to a scale based on miles 
of standard telephone cable, our usual reference unit. The output 
of the high quality transmitter is of the order of 65 miles below zero 
level, this latter being the output from a standard telephone set con- 
nected to a common battery central office by a line of zero resistance. 
k-xpressed in watts the output of this transmitter under average con- 
ditions of use with the public address system is of the order of 10° 
watts. Incidentally, this is of the same order as the speech power 
picked up by the transmitter, or in other words, the transmitter 
does not amplify the speech power received by it as is the case with 
the transmitter used for regular telephone service. 

This very minute amount of power in passing through the trans- 
mitter amplifier may be amplified about 120,000,000 times. Ex- 
pressed in terms of telephone power levels, this is 17 miles above the 
zero level previously mentioned, or a few tenths of a watt. 

The power amplifier serves to increase this power from a level of 
17 miles to about 40 miles, the latter corresponding to about 40 watts 
This power is then distributed to the projectors, the amount con- 
sumed by each projector, of course, depending upon the number 
connected. 

An idea of what this amount of power at speech frequencies means 
may be given by the statement that it is sufficient to operate at 
about the level considered commercial all of the 14,000,000 tele- 
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phone receivers in use in the Bell system if these were directly con- 
nected to the amplifier. 

In describing the various pieces of equipment which together 
make up the system, we will follow the order in which the power is 
carried through the system from the transmitter to the receiver- 
projector units where the amplified sound waves are propagated. 


TRANSMITTERS 


In the early work on the public address system, an air-damped, 
stretched diaphragm condenser transmitter was employed, having a 
thin steel diaphragm about 2 inches in diameter, constituting one 
plate of the condenser. The other plate was a rigid disk, the dielec- 
tric being an air film 1, 1000 of an inch in thickness. Due to the 
stretching of the diaphragm and the stiffness of the air film, the 
diaphragm of this transmitter had a natural period of approximately 
SCOO cycles per second which is well above the important frequencies 
in the voice range. 


This high natural period, in conjunction with the 
damping due to the thin film of air, resulted in a transmitter of very 
high quality of reproduction. 


However, its extremely small capacity 
(in the order of 400 micro-microfarads) made it necessary to use leads 
of very low capacity between the transmitter and the first amplifier, 
and due to the high impedance of the transmitter and its associated 
input circuit to voice frequency currents, these leads were very sus- 
ceptible to electrostatic and electromagnetic induction. It was 
necessary to limit them to a length of 25 feet, and to provide complete 
shielding. Moreover the output of this transmitter was less than one 
five-thousandth of that of the transmitter now used, and for the early 


installations of the system, it was necessary to provide a preliminary 
amplifier beneath or to one side of the speaker's stand in order to keep 
the transmitter leads short and to provide sufficient power to properly 
operate the main amplifiers. Work was therefore undertaken to 
provide a transmitter having quality practically as good as the con- 
denser transmitter, volume output sufficient to operate the main am- 
plifiers, and not requiring the elaborate precautions as to shielding 
the leads. 

The high quality transmitter which was the result of this develop- 
ment work is of the granular carbon type with two variable resistance 
elements, one on each side of the diaphragm and is commonly known as 
a push-pull transmitter. [It has nearly the same high quality re- 
production characteristics as the condenser transmitter, due to the 
use of the same stretched diaphragm and air damping structure. It 
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introduces no appreciable distortion over the range of frequencies 
required for good reproduction of speech, but it must be understood, 
that this quality was obtained only at the sacrifice of sensitiveness, 
the latter being in the order of 1 1000th that of the transmitter used 
at telephone stations in the Bell system. With the multi-stage 
vacuum tube amplifiers available this low volume efficiency is not 
serious, and in fact we are using this transmitter for what is known 
as distant talking, 7.¢e., the speaker may be at a distance of five or six 
feet from the transmitter. This is, of course, necessary in any trans- 
mitter suitable for public address work as it is not possible to greatly 


limit the movement of the speakers, nor can they be required to use a 


hand transmitter. It might be well to point out that this sacrifice in 
volume efficiency in order to gain high quality is possible at the trans- 
mitting end of the system, but not at the opposite end where the 
electrical power is transformed into sound waves and propagated, 
as the device at this point must be capable of handling large amounts 
of power with minimum distortion. 

Referring to Fig. No. 7 which is a cut-away view of this push-pull 
high quality carbon transmitter, the granular carbon chambers will 
be seen. The electrical path through each of these variable resistance 
elements is from the rear carbon electrode through the carbon granules 


to a gold-plated area on the diaphragm itself. The resistance of this 
path is about 100 ohms and as the two buttons are in series for the 
telephone currents, the transmitter is designed to work into an im- 
pedance of 200 ohms. The double button construction almost com- 
pletely eliminates the distortion caused by the non-linear nature of 
the pressure-resistance characteristics of granular carbon. 
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As this instrument has a practically flat frequency characteristic 
no collecting horn or mouth piece is used with it as resonance is intro- 
duced by such chambers, with accompanying distortion. To insure 
the insulation of the transmitter from building vibrations, a simple 
spring suspension has been provided. To protect the transmitter 
from injury, two types of transmitter mountings have been used, 
both arranged for the suspension of the transmitter in a screen- 
enclosed space—the first adapted to take a single transmitter for 
indoor use only, while the second for outdoor use, mounts two trans- 
mitters within a double screen enclosure to prevent any noise effects 
due to winds. This second type is arranged to attach to a simple 
pedestal-type of reading desk, which it has been found desirable to 
provide as there is a slight tendency for the speaker to remain fairly 
close to the desk. In this connection it is interesting to note that we 
have found a small rug, so placed as to cover the area which the 
speaker should occupy during the delivery of his speech, is of great 
assistance in this regard, as he unconsciously confines himself to the 
area of this rug. Both of these measures to insure the speaker re- 
maining in proper relation to the transmitter, are supplemented, 
wherever possible, by an explanation of the system to all the speakers 
previous to the actual performance. 


TRANSMITTER SWITCHING PANEL 


Resuming the path of the speech currents through the system, 
the output from the transmitters is taken to a panel designed to enable 
the operator to switch quickly from one transmitter to another, as 
with some public functions, the speeches are made at different points 
during the ceremonies. This switch is arranged to short-circuit the 
output of the power amplifier when passing from one transmitter to 
another, to prevent clicks in the projectors. In certain cases, the 
equipment is arranged to permit two or more transmitters to be con- 
nected to the amplifiers at one time, as is desirable when solo singers 
and an orchestra are to be picked up in a theatre, with proper ad- 
justment of their respective volumes. 

The amplifier equipment has been built in four units which may be 
grouped as necessary under the various conditions encountered in 
commercial installations. The proper amplifiers are determined, 
first, by the source of the voice frequency current to be amplified, 
that is whether a distance talking or a close talking transmitter is 
to be used, or whether the speeches are brought in over a telephone 
line, and secondly, the size of the space in which the amplified sounds 
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are to be delivered to the audience. It was found that four units 

would provide for all the conditions occurring In practise, two of 
re 
these being speech input or transmitter amplifiers with different gains 

and two being power amplifiers of different power ratings. These 
er 
units and other equipment used with the system, are made up in 
panels, of uniform width, in order that the proper equipment for any 
1- 

installation may be assembled on two vertical angle iron racks a 

ranged t to be fastened to the control room floor. 

SPEECH AMPLIFIER —First Typt 

) The first of the speech input amplifiers is shown schematically in 

the upper part of Fig. 8. It is a three-stage amplifier. Two po 
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tentiometers provide adjustment of the gain over 


a large range, and 
switching arrangements allow the output to be 
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to the input of the power amplifier, when the program is to be trans- 
mitted to a local audience; or to be connected, through a transformer 


of proper impedance, to the long distance lines when the program 


is to be transmitted to a distant audience, or to a radio-broadcasting 


station. The filaments of the tubes are supplied from a= 12-volt 
storage battery, while the plate circuits obtain direct current at 350 
volts from the power supply equipment mentioned later. Arrange- 
ments are also provided for using 130 volts instead of 350 volts under 
certain conditions. The proper gnd potentials are obtained by 


utilizing the drop over a resistance in the filament circuits of the first 
two tubes, and for the third tube small dry cells furnish the grid 
potential. The maximum gain with this amplifier is 85 miles, which 


expressed as a power ratio is 1.2.x LOS. Under this condition the out- 
put is approximately 3° 10 of a watt. The front and rear views of 
this amplifier, mounted on the supporting rack, as shown in Fig. 13, 


where the gain regulating potentiometer, the rheostats for controlling 


the filament and transmitter currents, the three tube mountings 
with protective gratings and the jacks which permit the connection 
of instruments for determining the current flow in the filament, plate 
and transmitter circuits, will be noted. Great care was taken in the 


design of this amplifier to obtain as nearly as possible equal amplificea- 


tion of all the important frequencies in the voice range. The trans- 


formers, and the retardation coils in the plate circuits were chosen 


with this consideration in mind. 


POWER AMPLIFIERS 


For practically all of the larger installations the maximum power 
possible with the system is required and the output from the trans- 
mitter-amplifier is taken directly to the high power amplifier. Re- 
ferring to Fig. 9 it will be seen that this is a four-tube amplifier so 
connected that but one stage of amplification is obtained. Usually 
alternating current at 12 to 14 volts is used for heating the filaments 
of these tubes, the latter being connected in what we know as a push- 
pull arrangement. It will be seen that each side of the push-pull 
arrangement consists of two power tubes in multiple. [t is inter- 
esting to note that this push-pull arrangement of the tubes will deliver 
somewhat more power for equal quality than the same number of 
tubes connected in the ordinary multiple arrangement, since the 
tubes may be worked beyond the straight part of their characteristic. 
The grid potential is chosen to permit the largest variation of cur- 
rent without distortion and is obtained from a group of small flash- 
light batteries. 


“2 m 
re 
fl 
vi 
4 


PUBLIC ADDRESS 


The output transformer at the right of the figure is designed to 
match accurately the impedance of the tubes to that of the number of 
receiver-projector units which has been found to give the greatest 
flexibility under the varying conditions of commercial operation. 
This amplifier, speaking in telephone terms, is worked at a 
gain of 23 miles, a power amplification ratio of about 200, the 
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mavimum output being about 40 watts. The plate circuits of the 
tubes are supplied at a d-c. potential of 750 volts. As has been 
pointed out previously, this amplifier gives a practically uniform 
gain for all the important frequencies in the voice range. This high- 
power amplifier is shown mounted on the supporting rack, in Fig. 13. 
The apparatus on the rear of the panel is protected with a sheet metal 
cover and integral with this cover is a disconnecting switch, which, 
when the cover is removed, cuts off the high potential from all the 
exposed parts on the set. 

For indoor installations where the audience is small the power 
output given by the high-power amplifier is not required and a medium- 
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power amplifer has been developed for this use. It is arranged to 
connect directly to the transmitter amplifier and the output is taken 
to the projectors through the volume control panel. It has a gain of 
17 miles or a power amplification ratio of about 33. The maximum 
output is about 4 watts, or about one-tenth of the power obtainable 
from the high-power amplifier. 

The schematic of this amplifier, is shown in Fig. 9. The input coil 
is the same as is used in the high-power amplifier. The push-pull 
connection of the tubes is also used in this amplifier, although but 
two power tubes are used. The filaments of these tubes are supplied 
from a 12-volt storage battery while the plate circuits are supplied at 
350 volts direct current from a motor generator set which will be 
described later. 


SepEECH AMPLIFIER--SECOND TYPE 


A speaker using the system may read his speech from his home or 
ofi.ce and in such cases it is unnecessary to use the push-pull carbon 
transmitter in the distant-talking manner. For use when this trans- 
mitter is spoken into from a distance of a few inches, a second form 
of speech input amplifier has been made available having a gain of 
the proper value to supply either of the power amplifiers, or a long 
distance line if desired. This gain is relatively small as the output 
of the transmitter when used for close talking is about 10,000 times 
that when it is used for distant talking. 

Fig. 8 shows the schematic of this amplifier which is a single-stage 
one, employing one tube and having the same over-load characteristic 
as the first form of speech-input amplifier. A two-way switch permits 
the connection of the transmitter or an incoming long distance line to 
the amplifier. To the right of this switch is a potentiometer for 
regulation of the gain. To the right of the tube is a second two-way 
switch for connecting the output either to the power amplifier or 
through an output transformer to an outgoing long distance line. 
The power supply for the tubes and transmitters, is the same as was 
described under the first form of speech input amplifier. 

The switching means provided on this amplifier allow it to be used 
in a number of ways. Announcements from a close talking trans- 
mitter may be made from the projectors through a power amplifier 
or may be sent out on the telephone lines to a distant public address 
system installation or a radio-broadecasting station. In addition to 
these uses, incoming speech over the long distance lines may be put 
out on the projectors through the power amplifier or may be sent out 
on the long distance lines to a distant installation. 
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VOLUME CONTROI 


As discussed heretofore, it is necessary to give the operator control 
of the volume put out by each projector or group of pre jectors, The 
equipment provided for this purpose is mounted on a panel uniform 
with the others and consists essentially of an auto-transformer con- 
nected across the output of the power amplifier with 11 taps multi- 
pled to the contacts of eight dial switches, the arrangement being 
shown schematically in Fig. 10. Seven of the dials control projector 
circuits on each of which one or more projectors may be grouped, the 
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eighth dial being reserved for controlling the volume of the operator's 
monitoring projector in the control room. A key is associated with 
each dial for opening the circuit and a master key is provided for 
cutting off all of the projectors simultaneously. 

The device shown as “Volume Indicator” in this figure consists of 
a vacuum tube detector bridged across the output terminals of the 
power amplifier. The rectified current is taken to a sensitive direct- 
current meter of the moving coil type, the degree of deflection of this 
meter measuring the output from the power amplifier when con- 
nected at a proper place in the circuit. The deflections of the meter 
therefore serve as a basis for determining the adjustment required 
on the transmitter-amplifier to give the required output when switch- 
ing from one transmitter to another or for different speakers. 


RECEIVER PROJECTORS 


From the control panel the power is taken to the projectors, each 
of these consisting of a loud-speaking receiver mechanism to transform 
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the speech-currents into sound waves, and a horn to distribute the 
sound. The receiver is so designed that it will carry several watts 


with small distortion. Tt is shown in Lig. Il where it will be seen 
that a light spring-supported iron armature is mounted between the 
poles of a permanent magnet and passes through the center of the 


coils carrying the voice currents. A light connecting link ties one 


end of this armature to the diaphragm which is of impregnated cloth, 


corrugated to permit vibrations of large amplitude. A stamped metal 
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cover protects the parts from mechanical 
in which the whole assembly mounts 
moisture. 


myury, and a cast iron case, 


Wis provided for protection against 


One of these receivers equipped with the | 


argest projector provided, 
will Carry without serious distortion ¢ 


r overheating, power which is 


about 27 miles above the zero level. With this output, it is possible 
to project: speech a distance of LOOO feet under ordinary weather 
conditions and this has been done at several installations. 


On account of the different conditions encountered in installations 
three types of horns have been used, shown in Fig. 12. Where it is 
necessary to project the sound to great distances, a tapering wooden 
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horn is used, of rectangular cross section, 10!'2 feet long, the walls 
being stiffened to prevent lateral vibration. For most installations 
these large horns are not required, and two types of fibre horns are 
used. One of these is straight in the body, with a flaring open end, 
while the other used in the control room, is bent. 

The grouping of projector units on the volume control switches 
differs with the type of installation. In outdoor performances, the 
necessity of correcting the volume in certain directions due to varying 
winds makes it advisable to group adjacent projectors on a single 
switch. This is not the case with indoor performances, as no wind 
effects are possible. Instead, symmetrically placed projectors which 
will always require equal volume are grouped on a single switch. 


POWER SUPPLY EQUIPMENT 


In order to convert the commercial electric power supply to forms 


suitable for supplying the filament and plate current for the vacuum 


Fig. 14a. 


tubes in the amplifiers, two types of power equipment have been made 


available. When the installation is of a size requiring the high-power 
amplifier, a vacuum tube rectifier taking its supply at 110 or 220 
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volts, 60 cycles, and delivering 750 volts direct current for the plate 
circuits is employed. potentiometer arrangement provides a 
direct-current: supply at 350 volts for the speech-input) amplifier 
tubes. Full wave rectification is obtained and « filter consisting of 
a large series reactance coil and bridged condensers is used to render 
the direct-current output suitable for this use. Included in’ the 


power equipment is a step-down transformer for supplving the fila- 
ments of the power amplifier. For the larger installations, emploving 
the rectifier, the total power drawn from the commercial supply is 
1500 watts. 

For installations of a size not requiring the use of the high-power 
amplifier, a compact motor generator set is provided consisting of a 


350-volt d-c. generator driven by a suitable motor, the total power 
drawn from the supply mains being about 500 watts. A low-voltage 
generator for supplying direct current at 12 volts for the operation 
of the amplifier tubes is incorporated in this motor generator set. 


A filter is necessary and a reactance coil and a 12-volt storage battery 
is floated across its cutput. This supplies the transmitters and the 
tube filaments. The necessary indicating meters are provided on a 
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meter panel for observing the voltages and currents of all the items of 


equipment which do not have individual meters associated with them. 


OBSERVING SYSTEM 


In addition to the monitoring projector provided in the control 


room for the guidance of the operator, it has been found necessary in 
all but the simplest installations to provide observing stations at 


Various points in the audience. The observers stationed at these 
points are equipped with portable telephone sets, by which they may 
immediately communicate with the operator, who is provided with a 


telephone set consisting of a head receiver and a breast transmitter. 


The value of these observation stations for regulation of output 
volume during a program will be apparent. 

In the case of an open air performance a variable wind may make 
it necessary to increase the volume of certain projectors and decrease 
the volume of others in order to cover the audience uniformly. With- 
out the observers, the control operator would be unable to take care 
of these changes. 


Considerable preparation is required where the equipment is being 
used for the first time, in order that the performance of the public 
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address system installation will be of the highest order. Where the 


acoustic conditions are unfavorable it is necessary to make tests with 


various arrangements of the projectors, in order to determine the 


F'g. 16a. 


most satisfactory one. It has been found advisable to carry out the 
entire program previous to the performance in order that the oper- 
ating force may become familiar with the sequence. 


CONCLUSION 


The usefulness of such systems is very well illustrated by a few of 
the results which have actually been obtained. Fig. 14 shows a 
crowd of approximately 125,000 people, every one of whom was able 
to hear clearly and distinctly all of the words spoken in President 
Harding's inaugural address in March, 1921. This crowd was rela- 
tively small, compared with the crowd which could be accommodated 
by one of the larger type svstems. Some insight into the number 
of people which could be accommodated can be gained from the fact 
that such a system will cover comfortably a complete circle whose 
diameter is 2000 feet when the projector units are placed at the center 
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One of the largest and most successful uses to which this equip- 
ment has been put took place on Armistice Day in 1921 when 20,000 
people in San Francisco, 35,000 people at Madison Square Garden, 
New York City, and approximately 100,000 people at Arlington 
Cemetery neat Washington joined in the impressive ceremonies 
which took place at the burial of the Unknown Soldier. Figs. 15, 
16 and 17 are views at the three cities, during the ceremonies. 

Some of the other uses which have been made of the public address 
system are the Republican and Democratic Conventions prior to the 
last presidential election, after-dinner speaking in large ballrooms 
and in halls where speakers have to address large audiences. There 


Fig. 17b. 


is one more application of this type of equipment which is gaining 


rapidly in its use. This last is the application of the speech input 
equipment to radio broadcasting. The broadeasting of the opera, 
“Aida,” from the Kingsbridge Armory, and of the Philharmonic 
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Concerts from the Great Hall of the College of the City of New York 
are two of the successful uses where music and speech were concerned, 
while broadcasting of the results of the football games from the various 
distant cities indicates possibilities for the dissemination of interesting 
information.° 

The social and economic possibilities of the system are scarcely 
realized by the public as a whole at the present time, when the method 
resorted to for reaching large numbers of people is usually the printed 
word. While this method is effective, it leaves much to be desired 
in that the personal touch between the man with ideas and the people 
to receive them is entirely lost. The difficulty for any but those 
possessing the strongest voices to reach an appreciable number of 
people at one time has led to a decline in oratory as a means of con- 
veving public messages to large numbers, for it is not always the man 
with the best ideas or the best ability of presenting them, who is 
blessed with a powerful voice. A system such as the one which ha- 
just been described enables the speaker, even though his voice be 
relatively weak, to address at one time and in one gathering, several! 
hundred thousand persons, and if the system be used in connection 
with long distance telephone lines or radio broadcasting, the number 
which may be reached is increased almost indefinitely. The value 
of such a situation can hardly be overrated in times of national emer- 
gency or stress, when it is necessary for those in responsible positions 
in the Government to get their message to the people directly. 

The development of the apparatus just described has been the 
result of the efforts of such a large number of investigators working 
cooperatively that no attempt hes been made to acknowledge the 
individual contributions. 


'Use of Public Address Systems with Telephone Lines. W.H. Martin and A. B 
Clark. 
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Use of Public Address System with 
Telephone Lines, 
By W. H. MARTIN and A. B. CLARK 


SyNnopsts: The combination of the public address system and the tel 
phone lines makes it possible for a speaker to address, simultaneously, 
audiences located at a number of different places. Such a combina 
tion has been used in connection with several public events and a deseriy 
tion is given of the system as used on Armistice Day, 1921, when large 
audiences at Arlington, New York and San Francisco joined in the cere 
monies attending the burial of the Unknown Soldier, at the National 
Cemetery, Arlington, Virginia. 

More recently the public address system has been used in conjunction 
with telephone lines to attain two-way loud-speaker service. This at 
rangement permits the holding of joint meetings between audiences in 
two or more locations, separated by perhaps thousands of miles, in such a 
manner that speakers before each of the audiences can be heard simul 
taneously by the other audiences. A demonstration of two-way opera- 
tion was given at the mid-winter convention of the American Institute of 
Electrical Engineers in February, 1923, and took the form of a joint meeting 
between 1,000 members in New York and 500 in Chicago. 

The electrical characteristics of any telephone line which is to be used 
in conjunction with loud-speaker equipment must receive special atten 
tion. In commercial telephone service the main requirement is under 
standability, while with the loud-speaker naturalness of reproduced speech 
is very important. People are accustomed to hearing through the air with 
very little distortion and naturally expect the same result with loud speakers. 
A satisfactory line for this purpose must show freedom from transients, echo 
effects, ete., as well as good uniformity of transmission over the proper 
frequency range. 

The public address system, apparatus and methods has also been applied 
to radio broadcasting. The combination of the public address system with 
lines and radio makes it possible for one speaker to address enormous num- 
bess of people located all over the country. —Editor. 


HE public address system which is described in the preceding 
paper by I. W. Green and J. P. Maxtield, was developed and first 
used for the purpose of extending the range of the voice of a speaker 


addressing an audience. With the aid of this system enormous crowds 


extending from the speaker's stand to points a thousand feet and more 


distant have in reality become an audience and have easily understood 


the speaker whose unaided voice covered only that portion of the 


crowd within a hundred feet or so from him. 


When this system, consisting of a high quality telephone transmitter, 


distortionless multi-stage vacuum tube amplifiers, powerful loud 


speaking receivers and projectors, had so shown its capabilities in 


reproducing speech sounds, a logical extension of its application was 


to use it with telephone lines. By connecting the transmitting and 


receiving elements of the public address system through a suitable 


1 Presented at the Midwinter Convention of the A. lL. E. E.. New York, N. Y.. 
February 14-17, 1923.) Published in the Journal of the A. 1. EF. BE. for April, 1923 
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telephone line a system is provided whereby a speaker can address 
an audience at a distant point. Also with a complete public address 
system at the point where the speaker is located, connected by lines 
to receiving elements of the public address system located at one or 
more distant points, the speaker is enabled to address a large local 
audience and to be heard simultaneously by audiences at one or more 
remote points. This last arrangement was first used on Armistice 
Day, 1921, when audiences at Arlington, New York and San Fran- 
cisco joined together in the ceremonies attending the burial of the 
Unknown Soldier at the National Cemetery at Arlington, Virginia. 

By means of the public address system, the meeting of this Institute 
at New York, at which this paper is presented, is attended and par- 
ticipated in by Institute members at a meeting in Chicago. This is 
the first occasion on which complete public address systems installed 
at meetings in two cities have been connected together by telephone 
lines so that speakers at each meeting address the local and distant 
audiences simultaneously. 

With the transmitting element of the public address system work- 
ing into the radio transmitter of a broadcasting station and with the 
receiving elements of the system connected to the output of radio 
receiving sets, a system is provided whereby a number of people can 
be reached by each radio receiver. 

The combination of these wire and radio communication channels 
with the elements of the public address system is, therefore, without 
limit in the number of persons who may be reached simultaneously 
by one speaker. Such combinations may prove extremely serviceable 
for occasions of nation-wide interest and importance. 

The public address system apparatus has been used not only for 
transmitting speech sounds but also for music, both vocal and instru- 
mental. The paper*® describing the public address system has pointed 
out that the requirements for such a system are that for a wide fre- 
quency range it be practically distortionless, that is, transmit and 
reproduce with equal efficiency all frequencies in that range. This 
requirement must apply likewise to lines which are used with the loud 
speaker system. It has been found that a circuit which transmits 
without material distortion the frequency range from about 400 to 
2000 cycles, can be used with the public address system to reproduce 
speech sounds which are fairly understandable under favorable con- 
ditions, although sounding unnatural. In general it is important to 
extend this range at both ends in order to improve the intelligibility 
of the sounds and increase the naturalness. For vocal and for some 


2? Green and Maxfieid, ‘‘ Public Address System.” 
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types of instrumental music the melody can be reproduced with the 
above frequency range, but these tones also are lacking in naturalness. 
Since some of the musical instruments are used to produce tones three 


and even four octaves below middle C, it is evident that the proper 


reproduction of music requires a further extension of the lower limit 
of the transmitted band than does speech. While the fundamentals 
of the higher musical tones lie in general in the range mentioned above, 
it is the harmonics in musical tones which distinguish those produced 
by different instruments and which give what musicians term “ bril- 
liance.”” The true reproduction of many musical selections requires 
the distortionless transmission of a frequency band of from about 16 
cycles to above 5000 cycles. Many musical selections, however, 
employ only a part of this range and accordingly can be satisfactorily 
reproduced by systems not transmitting the whole range. Also, even 
with slight distortion obtained with somewhat narrower ranges, re- 
productions may be given which are agreeable to’ many popular 
audiences. 
LINE REQUIREMENTS 


In general the same line requirements which make for satisfactory 
transmission of speech over commercial telephone circuits also make 
for satisfactory transmission when telephone circuits are associated 
with loud speakers. There is this difference however. The loud 
speakers tend to make the line distortion much more noticeable and 
serious. Speech transmitted over a particular telephone line is, in 
general, more difficult to understand when listening to loud speakers 
than when listening to telephone receivers. 

In commercial telephone service the main requirement is intelligi- 
bility while, with the loud speaker, the naturalness of the repro- 
duced speech sounds is very important. People are accustomed to 
hearing transmission through the air with very little distortion and 
naturally expect the same result with loud speakers. 

The above constitute the reasons why, for transmitting voice cur- 
rents over telephone lines with loud speakers, it is necessary to pay 
unusual attention to the electrical characteristics of the lines. Evi- 
dently when music is to be transmitted, particularly music of a fairly 
high grade, it is necessary to place even more severe electrical re- 
quirements on the lines. 

An analysis of what constitutes the electrical requirements of a 
telephone line which make for good transmission, particularly when 
loud speakers are employed, will now be given. 

In the first place, as explained above, it is essential that a suff- 
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ciently broad frequency range be transmitted. As explained in an- 
other paper® it is not sufficient that a telephone circuit transmit sus- 
tained alternating currents within a given frequency range. It must 
also transmit short pulses of alternating currents within the proper 
frequency range without introducing oscillations of its own or “ tran- 
sient effects.” This requires that loaded circuits for loud speaker use 
have a high cut-off frequency and hence have the frequencies of the 
predominant natural oscillations high. It has been found that when 
the cut-off frequency of loaded circuits is about 5000 cycles, good 
results are secured with loud speakers. 

The two types of telephone circuit which best meet the require- 
ments of transmitting a broad band of frequencies, both when sus- 
tained and when applied in short pulses, are non-loaded open-wire 
lines and extra-light loaded cable circuits. These are suitable for 
transmission over very long distances. For transmission over short 
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Fig. 1—Transmission Characteristic of Transcontinental Circuit—-New York to 
San Francisco. 


distances, say from one point in a city to another point in the same 
city, non-loaded cable circuits equipped with distortion networks or 
attenuation equalizers for equalizing the attenuation, give good 
results. 

A good idea of the range of frequencies which can be transmitted 


§ Clark, Telephone Transmission Over Long Cable Circuits, Journil of A. I. E. E., 
January, 1923. Also Bell System Technical Journal for January, 1923. 
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over high grade telephone circuits can be secured from Fig. 1, which 
shows the transmission efficiency at different frequencies for the New 
York-San Francisco circuit. This circuit is a non-loaded No. 8 B. 
W. G. open wire line equipped with twelve telephone repeaters and is 
3400 miles long. Its frequency characteristic meets very well the 
requirements for easy understanding of voice transmission although 
it causes some loss of naturalness. 

The frequency range which can be transmitted with approximately 
constant efficiency is limited at the lower end by the fact that com- 
posite sets are employed in order to make it possible to superpose 
direct current telegraph circuits. The elimination of these composite 
sets would make it possible to improve the transmission of low fre- 
quencies and thus improve the operation of the circuit in connection 
with loud speakers. The resulting improvement, however, would not 
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be of importance for commercial telephone service and would render 
it more difficult to avoid noise on circuits exposed to induction from 
paralleling power or telegraph circuits. 

At high frequencies the range is limited because these same wires 
are equipped with apparatus to permit super-position of multiplex 
carrier telegraph circuits above the voice range. This limitation also 
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is not important for commercial telephone service although it is of 
importance for loud speaker use. To raise the upper limit of the 
voice transmission range would require giving up some of these facil- 
ities. 

Fig. 2 will give an idea of how the distortion introduced by a length 
of non-loaded cable can be corrected by employing distortion net- 
works or attenuation equalizers. This figure shows the transmission 
frequency characteristic of about 10 miles of non-loaded No. 19 A. W. 
G. cable. Curve A, in the figure, shows the characteristic when un- 
corrected, while Curve B shows the characteristic for the circuit when 
equipped with an attenuation equalizer. 

After choosing the proper types of telephone circuits for use in con- 
nection with loud speakers, there remains to be considered a number 
of other important matters. 

The maintaining of the telephone power within proper limits at 
different points in the circuit is very important. The power must 
not be allowed to become too weak, otherwise the extraneous power 
induced from paralleling circuits would tend to obliterate the tele- 
phone transmission. On the other hand, the telephone power must 
not be amplified to such an extent that the telephone repeaters will 
be overloaded or severe cross talk be induced into paralleling circuits. 

To keep the telephone power throughout the circuit between the 
above limits, requires careful study and adjustment. For handling 
regular telephone connections, the circuits are laid out and equipped 
with repeaters at proper points so that each circuit will be able to 
handle the varying volumes applied at the terminals when different 
subscribers are connected without getting into serious difficulties. 
When loud speakers are employed it is necessary to maintain the 
volume at the terminals of the toll lines at least within these limits 
and it is preferable to do somewhat better than this. 

With the public address system, the high quality transmitter which 
picks up the sound at the sending end is usually associated with an 
amplifier whose adjustment is varied, depending on the output of 
voice currents from the transmitter. In order to obtain the proper 
adjustment of this amplifier, it is necessary to have some means for 
quickly indicating the volume of transmission. For this purpose, 
there has been developed a device which is called a ‘‘ volume indicator."’ 
This consists of an amplifier detector working into a direct-current 
meter. With this volume indicator connected across the output of 
the transmitter amplifier, the volume of transmission delivered to 
the line is indicated by the deflections on the meter. By adjusting 
the amplifier, therefore, to keep the deflections of this meter reason- 
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ibly constant at some deflection determined by previous calibration 
it is practicable to keep the telephone power within the required 
limits. Obviously, this same device may also be employed to keep 
the telephone power constant at any other point in the system. 

While the necessity for keeping the power applied to the toll lines 
within proper limits cannot be over-emphasized, it should also be 
noted that this is not sufficient. It is also essential that all parts of 
the toll circuit, including the repeaters, be maintained at prescribed 
efficiency so that the power levels at all intermediate points in the 
circuit will also be kept within proper limits. Long telephone lines 
are designed with special emphasis on this matter of constant efficiency 
so that, in general, no special precautions are required when using 
these circuits in connection with loud speakers. 

In another paper, ‘the “echo” effects which may occur on long tele- 
phone circuits are explained. When setting up two-way circuits for 
loud speaker use, it is necessary to pay particular attention to effects 
of this sort. Furthermore, there is another source tending to produce 
echoes in circuits arranged for two-way use with loud speakers. ‘This 
is the tendency for the sound delivered from the loud speaker pro- 
jectors to enter the sensitive transmitter and be returned to the dis- 
tant end of the circuit as an echo. Owing to the relatively slow 
velocity of transmission of sound through air the lag in such an echo 
may be great enough to be serious, although the line is a short one 
with high transmission velocity. It is, therefore, evident that this 
coupling through the air between the loud speaker projector and the 
transmitter must be kept small. If a very sensitive transmitter 
arranged so that a speaker may stand several feet away from it is 
employed, this problem becomes even more difficult. 

There is one thing more that remains to be considered: the neces- 
sity for special operation. When a large number of people are assem- 
bled at some point to hear an address delivered at a distant point, it 
is evident that delay in establishing the connections cannot be tol- 
erated. It is, therefore, necessary to establish such connections ahead 
of time and it is usually also necessary to set up spare circuits for 
use in case of failure of the regular circuits. A special operating force 
is required for checking up the circuits, establishing the connections 
when required, and making the necessary adjustments. Rehearsals 
are necessary on important occasions to insure proper functioning of 
the circuits and proper co-ordination of the handling of the circuits 
with the programs at different points. 


* Clark, loc. cit. 
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Typical Crrevuir COMBINATIONS OF PUBLIC ADDRESS 
SYSTEM AND LINES 


Following are a number of typical combinations of the public ad- 
dress system and telephone lines. The combinations by means of 
which one-way service may be rendered, are given first, following 
which certain combinations for giving two-way service are discussed. 

By one-way service is meant service in which no provision is made 
for anyone in the distant audience to talk to the place where the 
speaker is located. Two-way service provides for speakers at either 
of two or more points addressing all of the other points. This is 
similar to the two-way service rendered by regular telephone circuits. 

Fig. 3 shows the circuit arrangement which would be used when a 
speaker at one point in a city, for example, at his office, is to address 
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Fig. 3- One-Way Connection to Point in Same City. 


an audience at another point in the same city. A high quality close 
talking transmitter 7’, together with a fixed gain single-stage amplifier 
A, are provided at the point where the speaker is located. This com- 
bination is designed to deliver to the line the same amount of power 
as a commercial type substation set. Connecting this point with the 
point at which the audience is gathered is a non-loaded cable circuit. 
To correct for the distortion in this cable circuit, an attenuation 
equalizer /. is provided. The apparatus at the point where the audi- 
ence is located is the equipment of the public address system without 
the transmitter and its associated amplifier. In Fig. 3, B is the ampli- 
her for delivering sufficient power to the group of loud speaker pro- 
jectors indicated by R. A volume indicator V associated with the 
amplifier B is used in maintaining constant the volume of sound 
delivered from the projectors. 


Fig. 4 shows the circuit combination required when a connection 
is to be established to a distant city where the loud speaking receivers 
are located. In the city where the speaker is located, connection is 
made to the toll office by means of a non-loaded cable circuit equip- 
ped with an equalizer similar to Fig. 3... A volume indicator V; is asso- 
ciated with the amplifier C; at the toll office to enable proper adjust- 
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ment of amplifier ©; to be made so that the power delivered to the toll 
line will be within the proper limits. As explained above if the volume 


it the toll office is allowed to become too great, the telephone repeaters 


on the toll line will be over-loaded and serious distortion will result, 


while if the volume is allowed to become too weak, extraneous noise 


Fig. 4+— Cne-Wavy Connection to Point in Distant ¢ 


end crosstalk will tend to obliterate the direct transmission. Tf a 
distant talking transmitter is used for the speaker, a multi-stage ad- 
justable amplifier is associated with it. In this case the volume 


indicator is located at the output of this amplifier as shown by the 
dotted lines in Fig. 4. When the volume indicator is employed at 
this point if is necessary to take into account the loss introduced by 


the non-loaded cable and the equalizer /,, together with the gain of 


the repeater C), in order to deliver volume within proper limits to the 


toll line. The tell line, shown equipped with repeaters D), Ds, ete 


R 


lig. 5 One-Way Connection for Addressing Local and Distant Audiences 


Simultaneously. 


extends to the toll office in the distant city. At this point the am- 


plifier C, is located, together with another equalizer /., for correct- 


ing the distortion in the local non-loaded cable circuit. The apparatus 
at the point where the audience is located is similar to that shown in 


Fig. 3. 
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Fig. 5 shows the circuit combination employed when a local ad- 
dress is to be given, while at the same time the same address is deliv- 
ered to one or more distant points. In order to allow the local audi- 
ence to hear the address by means of the loud speakers, the power 
amplifier B supplying energy to these is bridged across the output of 
the amplifier A associated with the transmitter 7. A volume indicator 
V, connected across the circuit at the point where the bridge is made, 
makes it possible to maintain constant volume both for the local loud 
speakers and for the transmission applied to the toll lines by suitable 
adjustment of amplifier A. At the toll office means are indicated for 
connection to two distant points Y and Y. Owing to the fact that 
amplifiers C; and Cy. are one-way devices, no inter-actions can occur 
between lines Y and Y or between these lines and the local loud 
speaking system. The arrangements for reaching the distant points 
X and ¥ are similar to the one illustrated in Fig. 4. 

All of the circuit arrangements which have so far been described 
are arranged simply so that a speaker may address one or more local 
or distant points. When it is desired that the speaker and the audi- 
ence at the sending end also be able to hear a speaker at the distant 
point, more complicated arrangements are required. 

Fig. 6 shows a circuit arranged for such two-way service, the line 
being operated on the four-wire principle, 7. e., two separate transmis- 
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Fig. 6— Two-Way Four-Wire Connection for Addressing Local and Distant Audiences 


sion paths are provided, one for transmission in each direction. The 
circuits Connecting transmitter 7, with the projector group R» and 
transmitter 7, with the projector group R; are similar to the circuit 
in Fig. 4. By-pass connections F; and F, are added at the two ends 
which allow part of the output of each transmitter to pass into the 
local loud speakers. These by-pass connections are so arranged 
that transmission can pass only in the proper direction. Two volume 
indicators are provided at each end. Referring to the left-hand ter- 
minal, volume indicator V; is provided to insure that power is supplied 
to the toll line within the proper limits of volume, as explained above. 
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\’; is provided to facilitate adjustment of the by-pass circuit /°, and 
of amplifier B, so as to deliver proper volume from R; both for the 
local talking and for the reception of the addresses from the distant 
end of the circuit. The volume indicators V2 and Vy at the right- 
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Fig. 7 --Two-Way Two-Wire Connection for Addressing | 
Audiences 


wal and Distant 


hand end of the circuit have functions similar to those of 1; and V, 
respectively. 

Fig. 7 is similar to Fig. 6 with the exception that the toll line is of 
the two-wire type. At each end of the toll line, which may, or ma, 
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Fig. 8—Arrangement for Connecting Third Point to Circuit of Fig, 7 


not, contain two-way repeaters, transformers and networks .V, and 
Nz are placed for converting the two-wire circuit into a four-wire 
circuit. The equalized cable circuits at the two ends thus form two 
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sides of short four-wire circuits. The conditions of balance between 

the networks and the toll lines prevent more than a very small amount 
of the direct transmission from each local transmitter from entering 
the local loud speading receiver circuit at the points where the local! 
circuits connect to the toll line. Practically all of the transmission 
from transmitter 7) to projector group R,; and from transmitter 7s to 
projector group R» is delivered through the adjustable by-pass cir- 
cuits F; and Fos, respectively. 

For connections requiring to and fro conversations between three 
or more points, all of which may be equipped with loud speakers, in- 
termediate points may be connected to a_two-wire telephone 
circuit by employing the arrangement shown in Fig. 8. A three- 
winding transformer is inserted in the toll line which is so con- 
structed that the impedance which it introduces into the circuit is 
small enough to avoid a serious irregularity. Talking currents are 
put out on the toll line through this transformer. The received tran-- 
mission is obtained from a high impedance bridge across the midpoints 
of two of the windings of the three-winding transformer. Amplifiers 
C, and C» introduce sufficient gain to overcome the losses due to the 
inefficient coupling with the telephone line. The rest of the circuit at 
the intermediate point is the same as Figs. 6 and 7, the local speaker 
being heard by his own audience by means of transmission delivered 
through by-pass F. A modification of the arrangement of Fig. 8 can, 
of course, be used with a four-wire toll circuit. 


ARRANGEMENTS FOR ARMISTICE Day, 1921 


Fig. 9 shows the circuit which was employed on Armistice Day, 1921, 
when audiences of 100,000 people at Arlington, 35,000 people at New 
York and 20,00C people at San Francisco, joined in the services at 
the burial of the Unknown Soldier. This was the first time that audi- 
ences at more than one distant point were simultaneously addressed 
from one point by means of the public address system. 

At Arlington three different transmitters 72, 7; and 7, were used 
for the different parts of the ceremonies. 7°. was used for the musical 
selections, 7; for the speeches made in the amphitheatre, and 7, for 
the speeches at the grave of the Unknown Soldier. Another transmit- 
ter 7) was provided for the use of an announcer who kept the audi- 
ences at New York and San Francisco advised of the proceedings. 
The speech currents leaving these transmitters were brought up to 
moderate volume by means of amplifiers A, and A,, the former tak- 
ing care in turn of the three different transmitters emploved during 
the ceremonies. 
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The voice currents from the transmitters which were employed for 
the ceremonies, after passing through amplifier A», separated into 
two branches, one branch going to the local amplifier B,, which sup- 
plied the local loud speakers R;, the other going to the telephone cir- 
cuit through amplifier C., switch S$; and amplifier C;. The switch 
S, was provided for connecting either the announcing transmitter 7, 
or one of the transmitters for picking up the ceremonies to the end of 
the toll line. WV, and V2 are volume indicators, V; being employed to 
indicate that the proper power was being put into the toll line, while 
V, furnished an indication of the volume which was being delivered 
by the projector group R;. During the ceremonies the amplifier C; 
was continuously adjusted so as to deliver proper volume to the long 
distance telephone circuit, the volume indicator V; making it possible 
to keep the volume applied to the toll line within close limits. At the 
same time independent adjustments were made of the amplifier B, 
to take care of the varying conditions introduced by the different talk- 
ing conditions as well as the varying conditions introduced by shift- 
ing of the crowds listening to the ceremonies. 

After leaving the amplifier C; at Arlington, the voice currents first 
passed through a non-loaded section of cable whose distortion was 
corrected by equalizer E;. A non-loaded 8-gauge open-wire circuit 
carried the voice currents to New York City. At this point, the cir- 
cuit again branched, one branch delivering a part of the voice currents 
to the apparatus at Madison Square Garden, the other branch going 
to San Francisco over one of the non-loaded No. 8-gauge transcon- 
tinental circuits. The arrangements employed at Madison Square 
(arden and at the Civic Auditorium in San Francisco were similar 
switches being provided at each point to connect to the projector 
groups the circuit from Arlington or from the local transmitter. 

The difficulties involved in transmitting voice currents for the first 
time to loud speaker installations at distant points, as well as the 
great importance of the occasion, made it necessary to take elaborate 
precautions in order to insure the success of the undertaking. The 
long distance telephone circuits were carefully inspected ahead of 
time and all of the amplifiers and other apparatus employed were 
subjected to numerous careful tests. For checking the complete 
circuit, alternating currents of different frequency were applied at 
Arlington and measured simultaneously at New York and San Fran- 
cisco. The curve on Fig. 1 was obtained from the results of one of 
the measurements made on this occasion. 

To guard against possibility of failure of the circuits, emergency 
circuits were provided, these emergency circuits taking different 
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routes wherever possible. Fig. 10 shows the network of long distance 
circuits which was set up for this occasion. The solid lines in this 
figure indicate telephone circuits while the broken lines indicate tele- 
graph circuits. The latter were for the purpose of transmitting orders 
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Fig. 10 —Telephone and Telegraph Lines Used on Armistice Day, 1921 


between different units of the operating organization at different 
points. 

At Arlington the nature of the ceremonies and the place in which 
they were held presented many difficulties from the acoustic stand- 
point. The main addresses were made in an open amphitheatre sur- 
sounded by a double colonnade of marble. The platform on which 
the speakers were located was partially covered by a marble arch. 
The floor of the amphitheatre is of cement on which are arranged 
marble benches. Temporary seats also were placed on top of the 
colonnade. During the ceremonies large crowds surrounded the 
amphitheatre on all sides. The arrangement of the amphitheatre 
and the surroundings is shown by Fig. 11. 

In order that the crowds outside of the amphitheatre might hear 
the speakers, loud speaking receivers and their associated projectors 
were placed on top of the colonnade. They were arranged in four 
groups as shown on Fig. 11, the projectors referred to, being num- 
| i bered from 1 to 21 inclusive. Those in the east group were on top of 

the structure forming the main entrance to the amphitheatre. The 
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projectors were carefully directed to cover uniformly the area around 
the amphitheatre and were supplied with sufficient: power so that 
the speaker could be heard for at least a thousand feet from the out- 
side of the amphitheatre. It was found, however, that while these 
projectors are highly directive, some of the sound from them could 
be heard inside the amphitheatre. This sound leakage at the western 
side was particularly serious because of the fact that it reached the 
rear seats inside of the amphitheatre sufficiently far enough ahead of 
the corresponding sounds directly from the speaker to be noticeable. 
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Fig. 11—-Arrangement of Projectors at Arlington Amphitheater 


Po cvercome this, the small projectors 29, 31, 32 and 34, placed on 
top of the arch over the platform, were directed at the rear seats and 
given sufficient volume output to overcome the sound reaching these 
seats from the loud speakers on the colonnade. 

The adjustment of the power to these small projectors required 
great care because if given too great volume, bad reflections would 
be set up in the amphitheatre. On the other hand if this volume were 
not great enough, the outside projectors would cause serious inter- 
ference. The small projectors 27 and 28 were used to overcome the 
sound leakage effects on the top of the west side of the colonnade. 
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The projectors 35 and 36 covered the top of the colonnade on the 
east side. 

Fig. 11 shows also the location of the three transmitters used dur- 
ing the ceremonies, a, on the platform for the speakers, /, in front ot 
one of the boxes in which were placed the singers and behind which 
was located the band, and ¢, at the grave. When the transmitter at 
the grave was tested it was found that serious interference was ob 
tained between the speaker's voice and the sound from the projectors 
16 to 19 inclusive. For the ceremonies at the grave, therefore, these 
loud speakers were disconnected and those numbered 22 to 26 used 
instead. Also in order to properly cover the inside of the amphi- 
theatre during the ceremonies at the grave, the small projectors 30 
and 33 were used. These were located on the arch over the platform 
and were directed at the front seats in the amphitheatre 

The projectors were divided up into a number of small groups and 
so connected that the volume of sound delivered by each vroup could 
be varied without affecting the other groups. This was necessary in 
arriving at the power to be delivered by each projector to give uni- 
form distribution and to avoid interference between different groups. 

By means of these arrangements all parts of the ceremonies were 
carried to all parts of the audience at the National Cemetery and were 
also delivered by means of the lines to the audiences in the distant 
cities. 

At New York, a group of fifteen loud speakers was used in Madison 
Square Garden to satisfactorily reach all parts of the audience and a 
group of twenty-one loud speakers was suspended outside the build- 
ing for the outside audience. At San Francisco, ten loud speakers 
were used in the Civic Auditorium and seven outside. 


Usk oF AppREsS System APPARATUS With RADIO 


When radio broadcasting came into general use, the apparatus 
and methods which had been developed for the public address syvs- 
tem were applied to this new field as it also demands high quality 
reproduction for speech and music. The transmitters and amplifiers 
associated with them in the public address system are used in radio 
broadeasting studios for delivering speech frequency electrical power 
to the radio transmitter. Loud speaking receivers and amplifiers 
for delivering sufficient power to operate them are used with many 
of the radio receiving sets. 

The methods which have been emploved to connect public address 
system transmitters with toll lines are being used for the broadcast- 
ing by radio of speeches and music given at points remote from the 
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radio station. In such cases the transmitter and its associated ampli- 
fier are operated and controlled in the same way as described above 
for toll lines. In some cases the radio station is in the same city as 
the place where the speech or music is given and in other cases the 
two have been in different cities. In the first case the output of the 
transmitter amplifier is carried to the radio station over non-loaded 
cable circuits which are equalized by means of distortion correction 
networks to have uniform efficiency over a wide frequency range, in 
some cases up to 5000 cycles. Where the two points are in different 
cities, the non-loaded cable circuit goes to the toll office and there is 
connected to the toll lines which are operated in the same manner as 
described above for loud speaker use. 

For some of the higher grade music, such as that given by symphony 
orchestras, the less efficient, but slightly higher quality condenser 
type transmitter has been used instead of the double button carbon 
type. This requires the use of an additional two stage amplifier in 
front of the regular three stage transmitter amplifier. 

The output of the transmitter amplifiers is controlled with the aid 
of a volume indicator bridged across the output terminals of the ampli- 
fier. For best results, particularly in reproducing music, it is neces- 
sary to adjust the gain of these amplifiers to compensate partially for 
the large range in the volume of the music. If the amplifiers are set 
high enough in gain to send through the low passages of the music 
with sufficient volume so that it will override the static and the inter- 
ference from other sending stations, the loud parts of the music will 
seriously overload the radio transmitter system, unless it is of very 
large capacity, and will in general overload the receiving sets. Further- 
more putting out these loud parts at the same relative level with 
respect to the low passages as they are given by the orchestra, makes 
the interference between radio stations more serious. In some or- 
chestral concerts the power amplification of the transmitter amplifier 
has been adjusted over a range of more than a hundred to one, chese 
changes being made, however, so that they were not noticed by those 
listening to the concert by radio. 

Proper volume control is very important in picking up such music 
for radio broadcasting. The lack of such control is responsible for 
many of the poor results that are being obtained. In this connection, 
the location of the transmitter with respect to the vatious instruments 
in the orchestra or smaller combination of instruments, so as to main- 
tain in the reproduced music the proper balance between the several 
parts is, of course, of great importance. 

An interesting illustration of the combination of the public address 
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system, telephone lines and radio broadcasting was used in connes 
tion with reporting a football game plaved in Chicago in the fall ot 
1922. By means of high quality transmitters and amplifiers located at 
the football field, announcements of the play= and the applause of the 
spectators were delivered to a circuit extending to the toll office in 
Chicago. This circuit was connected there to a toll line to New York 
where it delivered the telephonic currents to a radio broadcasting 
transmitter. In Park Row, in New York City, was located a truck on 
which was mounted a radio receiving set arranged to operate a public 
address system. By this means the reports of the plays of the foot- 
ball game in Chicago were delivered to a large crowd in the streets ot 
New York. 
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Transient Oscillations in Electric Wave-Filters 
By JOHN R. CARSON and OTTO J. ZOBEL 


I. INTRODUCTION 


HE electric wave-filter has been very fully discussed with respect 

to its remarkable steady-state properties.'. In the present paper 
it is proposed to give the results of a fairly extensive theoretical study 
of its behavior in the transient state. This study is of particular 
interest and importance in connection with the wave-filter, because, 
as we shall find, its remarkable selective characteristics are peculiarly 
properties of the steady state and become sharply defined only as the 
steady state is approached. To this fact, it may be remarked in 
passing, is to be ascribed the uniform failure of wave-filters to suppress 
irregular and transient interference, such as ‘“‘static,”” in anything 
like the degree with which they discriminate against steady-state 


‘ 


currents outside the transmission range. This limitation is common 
to all types of selective networks and restricts the amount of protec- 
tion it is possible to secure from transient or irregular interference. 
In fact the general conclusions of the present study are applicable 
to all types of selective circuits. 

In the present paper the discussion will be principally concerned 
with the following phases of the general problem. 


1. The indicial admittances of a representative set of wave-filters. 
The indicial admittance, as explained below, is equal to the current, 
expressed as a time function, in response to a uniform steady e.m.f. 
of unit value, applied to the network at time t=0. It has been 
shown in previous papers that a knowledge of the indicial admittance 
of an invariable network completely determines its behavior, both in 
the transient and steady state, to all types of applied forces. Its 
determination is therefore fundamental to the whole problem. 


2. The mode in which the steady-state is built up after a sinusoidal 
voltage within the frequency transmission range is applied to the wave- 
1 Physical Theory of the Electric Wave-Filter, G. A. Campbell, B. S. T. J., 


Nov., 1922; Theory and Design of Uniform and Composite Electric Wave-Filters, 
©. J. Zobel, B. S. T.. J., Jan., 1923. 
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filter. Formulas are deduced and a set of representative curves 
computed and plotted which show the dependence of the building-up 
process on the constants and number of sections of the filter and the 
frequency of the applied e.m.f. The outstanding deduction from 
this phase of the problem is that as the selectivity of the filter is 
increased either by narrowing the transmission band or increasing the 
number of sections, the time required for sinusoidal currents to build 
up is proportionally increased. This fact, it may be remarked, sets a 
theoretical limit to the amount of selectivity which can be employed 
in communication circuits. 


3. The character and duration of the transient current when a sinusoidal 
voltage outside the frequency transmission range is applied to the filter. 
It will be found that in this case a transient disturbance penetrates 
the filter which is enormous compared to the final steady state. The 
magnitude of this disturbance decreases very slowly with the number 
of filter sections and its duration increases therewith. This phenome- 
non is an important special case of the general limitations of the 
selectivity of the filter in the transient state. 


4. The energy which penetrates through selective circuits from random 
interference. The energy spectrum of random interference, that is, 
interference from random disturbances is discussed and a formula is 
deduced which defines the figure of merit of a selective circuit with 
respect to random interference. This formula leads to general deduc- 
tions of practical importance regarding the relative merits of selective 
networks in the transient state and their inherent limitations. It 
also provides a method for experimentally determining the spectrum 
of random interference. 

Unfortunately the complexity of transient phenomena is such as 
to absolutely require a large amount of mathematical analysis. Con- 
sequently, while the mathematics has been relegated as far as possi- 
ble to Appendices, a considerable amount necessarily appears in the 
text. The writers, however, have endeavored to emphasize the 
physical significance of the mathematics and have included only 
that which is absolutely essential to an understanding of the problem 
and the appropriate methods of attack. 

In order to keep the analysis within manageable limits and in a 
form to admit of relatively simple and instructive interpretation, 
the formulas will be restricted for the most part to non-dissipative 
filters and the effects of terminal reflections will be ignored.2. These 


2 The general solution for the case of arbitrary terminal impedances is given in 
Appendix IV and briefly discussed. 
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restrictions are desirable on their own account, because the selective 
properties, both in the transient and steady-state, are isolated and 
exhibited in the clearest manner when the disturbing effects of dissi- 
pation and reflections are absent. As regards dissipation, its effect is 
usually small for filters of ordinary length and, as regards transient 
phenomena, is always of such a character as to require no essential 
modification of the conclusions reached from a study of the ideal non- 
dissipative filter. In fact the conclusions reached in this paper re- 
garding the inherent limitations of selective circuits in the transient 
state are conservative. 


II. GENERAL THEORY AND FORMULAS 


Before taking up the investigation of wave-filters it is necessary 
to write down the fundamental formulas of electric circuit theory, 
which are required in the analysis, and briefly discuss their applica- 
tion to the investigation of transient phenomena in networks in 
general. The theory and calculation of electrical networks may be 
approached in a number of ways, as for example, from the Fourier 
integral. Perhaps the simplest way, however, is to base the theory 
on the fundamental formulas 


d f*. 
I(t) == | f(t—y)A(y)dy, I 


and 


In these formulas J(t) is the current (expressed as an explicit time 
function) in any branch or mesh of an electric network which flows 
in response to the electromotive force f(t) which is applied to the 
network at time ‘20 in the same or any other branch or mesh of the 
network. The function A(t) is a characteristic function of the con- 
stants and connections of the network only which may be termed the 
indicial admittance or the Heaviside Function. Its physical sig- 
nificance may be inferred by setting f(t)=1, whence it follows that 
I(t)=A(t). That is to say A(t) is equal to the current in response to a 
‘unit e.m.f."” (sero before, unity after time t=0). 

In the following we shall be principally concerned with the case 
when the applied electromotive force is sinusoidal. To deal with 
this case we set f(t) =sin (wf+0) and equation I becomes 


I(t) =a(w, t) sin (wt +0) t) cos (wt+0) III 
The Solution of Circuit Problems, T. C. Fry, Phys. Rev., Aug., 1919. 
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where, denoting d/dt A(t) by A’(t), 


a(w, t)=A(o)+ / cos wy A’(y)dy 


b(w, t) = — wy A’(y)dy. 


The ultimate steady-state amplitudes are evidently the limits of 
the foregoing as ¢ approaches infinity. Thus if we write the steady- 
state current as 


I=a(w) sin (wt+0) + 8(w) cos (wt+6), 


then 


a(w) =A(0)+ cos wy A’(y)dy 
and V 
at 
B(w) = — / sin wy A’(y)dy 


For the derivation and a fuller discussion of the foregoing formulas 
the reader is referred to ‘ Theory of the Transient Oscillations 
of Electrical Networks and Transmission Systems,” Proc. A. I. E. E., 
March, 1919. 

In the majority of the more important selective networks A (0) =0; 
that is to say the initial value of the current is zero and the current 
in response to the applied sinusoidal voltage of the frequency w/2r 
is built up entirely from the progressive integrals 


a(w, t) = f cos wy A’(y)dy 


[sin wy A'(y)dy 


in accordance with formula IV. The derivative A’(t)=d/dt A(t) of 
the indicial admittance which appears in the integrals will be termed 
the impulse function of the network to indicate its direct physical 
significance; it is equal to the current in response to a “‘pulse’’ of 
infinitesimal duration and moment (or time integral) unity, or, stated 
in the terminology of t' e radio engineer, it is equal to the response of 
the network to “‘shock-excitation.”’ These formulas therefore estab- 
lish a definite quantitative relation between the selective properties 
of the network and its response to “‘shock-excitation”’; a relation which 
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is of great importance in understanding and interpreting the behavior 
of selective networks to transient disturbances.‘ 

The indicial admittance A (¢) is calculable from and may be regarded 
as defined by the very compact formula II.° In this equation Z(p) 
is the operational impedance of the network. It is derived from the 
differential equations of the problem by replacing the differential 
operator d/dt by the symbol p, thus formally reducing the equations 
to an algebraic form from which the ratio 1 Z(p) of the current 
to electromotive force is gotten by ordinary algebraic processes. 
Z(p) will involve the constants and connections of the network 
and will depend, of course, on the mesh or branch in which the 
electromotive force is inserted and that in which the required cur- 
rent is measured. 

The procedure in formulating the transient behavior of networks 
is as follows. Derive the operational impedance Z(p) as stated above. 
With Z(p) formulated, the corresponding indicial admittance A (¢) 
is determined by the integral equation Il. The appropriate methods 
of solution of the integral equation are brietly discussed in ‘The 
Heaviside Operational Calculus.’ Sometimes the solution can be 
recognized by inspection as in the case of the low pass wave-filter. 
Otherwise the procedure in general is to expand 1, Z(p) in such a form 
that the individual terms of the expansion are recognizable as identical 
with infinite integrals of the required type. Two expansions of this 
kind lead to the Heaviside Expansion and power series solution, re- 
spectively. The appropriate form of expansion depends on the par- 
ticular problem in hand and often calls for considerable ingenuity 
and experience. An excellent illustration of the appropriate process 
is furnished by the detailed derivation ® of the indicial admittance of 
the band pass filter which is rather intricate. 

In connection with the problem of the energy absorbed from forces 
of finite duration, and from random interference, the following formulas 
are required, of which VIII and IX are original and hitherto unpub- 
lished. Formula X, which is a special case of VIET and IX was derived 
by Rayleigh (Phil. Mag., Vol. 27, 1889, p. 466), in connection with 
an investigation of the spectrum of complete radiation. 

If an applied force f(t) exists only in the finite time interval 
0<¢t<T, during which it has a finite number of discontinuities and a 


“It may be noted in passing that these formulas show the futility of attempting, 
as sO many inventors have done in connection with the problem of protection from 
“static’”’ disturbances, to design a circuit, which, in the language of patent specifi- 
cations, shall be unresponsive to shock excitation while at the same time shall be 
sharply responsive to sustained forces. 

§ The Heaviside Operational Calculus, J. R. Carson, B. S. T. J., Nov., 1922 
See Appendix I. 
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finite number of maxima and minima, it is representable by the 


Fourier integral 


1 
fj=- | F(w)| cos [wt+0(w)] dw, VI 
T 


r 2 2 
F(w)|? = [ [ f(t) cos wt at | + Lf f(t) sin wt at | ‘ VII 


Let this force be applied to a network in branch 1 and let the 
resultant current J,(¢) be measured in branch n. Let the steady- 
state transfer impedance at frequency w/2m7 be denoted by Z,,(iw) 
and let z, (iw) and cos 0, denote the impedance and power factor of 
branch » at frequency w/27. It may then be shown that 


where 


tes VIII 


IZin(tw) |? 


W =f = 


and, as special cases, 
/ [4] | |Zin (iw) |?’ 
and 


x 
/ Lopar=* f | |2deo. Xx 
«QV et 


The total energy W, absorbed by branch » from the applied force 

is given by 
© 

Comparison of the formulas for W’ and W shows that, if the branch 
n is a simple series combination of impedance elements, W’ is the 
energy absorbed by a unit resistance element in branch n from the applied 
force f(t). 

In the subsequent discussion of the behavior of selective circuits to 
random interference and applied forces of finite duration, W’ of 
formula VIII will be taken, therefore, as a measure of the energy 
absorbed by the receiving branch or element. Similarly formula IX 
measures the energy absorbed when the applied force is impulsive. 
The application of formula VIII rather than VIIIa, when they differ 
except for a constant, is justified because we are concerned with the 
energy absorbed by a receiving element proper, which can be repre- 
sented by a simple resistance. 

The advantage of formula VIII, in addition to its simplicity, resides 
in the fact that the right hand side is usually quite easily computed, 
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since the integrand is everywhere positive, and this without any 
explicit reference to the transient phenomena themselves. Formula 
IX is of particular importance, because, as will be shown in a sub- 
sequent part of this paper, it represents, except in limiting cases, the 
relative amount of energy absorbed from random interference. 


II. THe INpictAL ADMITTANCES OF_WAVE-FILTERS 


We are now in possession of the necessary formulas and mathemati- 
cal processes for investigating the behavior of wave-filters in the 
transient state. We shall first write down the indicial admittances 
of the representative types investigated, their derivation being dis- 
cussed in Appendix I. The formulas given for the low pass and the 
high pass are exact, while those of the band pass filters are approxima- 
tions based on the assumption that the transmission band-width is 
small compared with the ‘‘mid-frequency”’ of the transmission band. 
They are therefore formally restricted in their application to ‘‘ narrow 
band” filters. The analysis of the exact formula, given in Appendix I, 
shows, however, that the deductions drawn from the approximate 
formulas of the text are quite generally applicable without errors 
of any practical consequence to band pass wave-filters, even when 
the transmission band is relatively wide. These questions are fully 


discussed in the Appendix. 

In the formulas given below the filters are assumed to be infinitely 
long and the voltage to be applied at ‘‘mid-series’’ position to the 
initial or zero-th section. A,,(¢) is then equal to the current in the 
nth section in response to a unit voltage (zero before, unity after 
time ¢=0.) 


1. Low Pass Wave-Filter, Type LiC2, Fig. 1. 


A,(t) = f (la) 


where x=w,l, 


w,=2/V L,C,=27 times the critical or cut-off frequency, 


hits 
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J,(x)=The Bessel function of the order 2” and argument x, 


and the filter elements, in terms of the parameters w, and k, are 
given by 


k=VL,/C2, =2/wk. 


For values of time such that x <2n, A,(t) is very small and positive, 
while for x >2n, the character of the solution is exhibited by the ap- 
proximate solution 


A,(t)=4[ 1 +4) = sin (qonX (1b) 


The formula is deduced from the approximate formulas given in 
Appendix IT for Bessel functions, and hy,, qo, and 05, are determined 


by 
1 1/4 
n= 


qn = \ 1—n?/x?, 


and 


0, = m—n sin“(n/x). 


2n+1 
4. 


For sufficiently large values of x 
asymptotic formula 


[2 2n+1 
Ay(t) [a+ 2 sin (x- r) |. (1c) 


, A,, (t) is ultimately 


given by the 


Formula (1a) was first given by one of the writers (Trans. A. I. E. E 
1919) as a special case of the solution for the dissipative low pass filter 
(series resistance and shunt leakage). 


2. High Pass Wave-Filter, Type C,L2, Fig. 2 


(2a) 
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TRANSIENT 


where 


X.=wel, 


w,=2m times critical frequency below which the filter attenuates, 


Ci =1/2w.k, k =VL2/Ci, 
L2=k/2w,, 


Fig. 2 


The symbol D~” denotes multiple integrations, repeated m times and 


(m) (m—1 


n(x) =Jo(x) — u(x) + + 


A large amount of time and effort have been devoted to an attempt 
to reduce this and other forms of solution (see Appendix I) to a form 
in which its properties would be exhibited by direct inspection, but 
without success. Numerical computations and curves must, there- 
fore, be largely relied upon in the study of the high pass filter in the 
transient state. 

For sufficiently large values of x («>4n?) the ultimate behavior of 
the filter is shown by the asymptotic formula 


: 
A,(i) ~ (—1)" cos (x—7/4). (2b) 


Band Pass Wave-Filters. 


In all the band pass types of filters discussed below the transmission 
band lies in the frequency range between w;/27 and w2/2z7 so that the 


band width is (w2--w:)/22. We shall write V w,w2=w,, and w,—w: =. 
For each type the filter elements are determined by the parameters 
Wm, wand a third parameter’ k which may be so chosen as to fix 
the magnitude of the impedance of the filter. 


™The parameter & is equal to the characteristic impedance, both mid-series and 
mid-shunt, at mid-frequency of the confluent band, ‘‘constant k"’ type of wave- 
filter. See Theory and Design of Uniform and Composite Electric Wave-Filters, this 
Journal, Jan., 1923. 
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The formulas for the indicial admittances of all the band pas 
filters are approximate, as stated above, and are deduced on the as 
sumption that the band width is narrow. Practically, however, a 
regards the essential deductions drawn from them, they are not s 
restricted but are applicable to the case of relatively wide bands 
(See Appendix I.) 

There are, of course, an infinite variety of band pass filters; the 
ones investigated in the present paper are, however, representative 
and the conclusions drawn from a study of them are, in their 
general aspects, applicable to all types. 


3. Band Pass Wave-Filter, Type LiC;L2C2, Fig. 3. 


w ‘ 
Jon(y) sin x 
m 


A,(t) = 


wmk 
where x =w,,t; y=wt/2; and the filter elements are given by 


L,=2k/w, 


L.=wk/2wn, 


Ci, =w/2kwm, 


Fig. 3 


This is the ‘‘constant k’’ type of filter and, as will be noted, the ele- 
ments are so proportioned that and Li/Ca= 
L2/C, = 

» From the properties of Bessel functions discussed in Appendix II, 
it follows that A,(¢) is very small until y22n. For values of y>2n, 
the character of the function is clearly exhibited by the following 
approximate formulas, although these are not sufficiently accurate 
for the purposes of precise computation. 


A,(t) = hen \ = COS (den Y— Oen) Sin x (3b) 


2 = [sin (x— den Y¥+Oon) +sin (x+ Gon ¥—O2n)} (3c) 


| 
(3a) 

Ca=2/wk. 

| 
| Lo C, C, 
{| 
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and ultimately, 


4n+1 
A,(t) = 2 [sin (« = r | + sin («4 (3d) 


hens Van. 82, are determined by the formulas given in Appendix IT,- 


] 14 


2n+1 


0,=-— a—nsin '(n/y). 


4. Band Pass Wave-Filter, Type LiC,C2, Fig. 4. 


A,(t)= J nly) sin(x—n7,; 2) (4a) 
wmR 


where, as above, x =w,,; y=wt/2, and the filter elements are given by 


2 
wi 


L,= 2k/w ; w/2kw,?; 


The approximate formulas for y>n, are, 


A,(t) = hn 4| 2 cos (qn¥ —On) sin (x—nx/2) (4b) 
ry 


\ + nx/2)+sin(x+ qn nx/2)] ) 


and ultimately 


A, (t) [ sin r) |. (4d) 
Ty 
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5. Band Pass Wave-Filter, Type LiC,L2, Fig. 5. 


A,(t) = Jn(y) sin (5a, 


where x=w,,, y=wt/2 and the filter elements are determined by 


‘ ¢ 2 wit we 
Ly =2wk Wwe; Cy=W, —~——k 
in 


$L, 2C, L, C, 


L2 


Fig. 5 


The approximate formulas for y>n are 


w 
A,(t) \ cos (qny—On) sin (x+n7/2) (5b) 


Wm 


hy | 2 2)+sin(x+qny —On+n7/2)] (5c) 
Qwmk \ Ty 


and ultimately 


A,(t) \ [ sin (x + 


4 


sin (x+y— |. (5d) 


6. Band Pass Wave-Filter, Type L,L2C2, Fig. 6. 
[Jn(y) sin cos (x—n2/2)] (6a) 
WmkR 


Fig. 6 


where x=w,t; y=wt/2; Ji(y) =d/dy J,(y), and 


Li= L2=wk/2w,?; C.=2/wk. 


Wit we 
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The approximate formulas for y>n are 


A,(t) 


fin Leos (guy On) sin (x— nx /2) 


Ty 


+n sin —O,) cos (x—nx/2)] 


(1— qx) sin /2) 
ry} +(1+ Qn) sin 


and ultimately 


7. Band Pass Wave-Filter, Type C\L2C2, Fig. 7. 


Ast) 


wmk m 


where x=w,,t; y=wt/2, and 


W1 


2kwm 


C,= 


Fig. 7 


The symbol P in the first term denotes a ‘‘pulse’’ at time ¢=0; that is 
P=xatt=0, 


=() for t>0, 


Pat=1. 


13 
m (6b ) 
/ 
(6c) 
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m \ SIN|X 
(6d) 
: 
wk /Qwm; C 
{ 
Cy 
--- 
L 
2 C 
2 
4 
and 
q 
thes 
q 


14 BELL SYSTEM TECHNICAL JOURNAL 


The first term in A,(¢) exists in consequence of the fact that at the 
instant the voltage is applied the filter behaves like a pure capacity 
network. For narrow band filters the factor (w/2w,,)" is small so 
that this term does not contribute appreciably to the steady state. 
As a matter of fact in actual filters which necessarily have some series 
resistance, it does not exist. 


The approximate formulas for y>n are 


A,(t)= 


[cos (qny—On) sin (x+ 7/2) 


gn Sin (Gu¥—On) cos (x+n7/2)] 


* [(1+ q,) sin + 
wmk NE ry 


(1—qn) sin (7c) 
and ultimately 


A,(t) « \ sin (x- y+ (7d) 


8. Discussion of Indicial 


Admittances. 


The indicial admittances for the low pass filter, that is, the current 
in response to a steady unit e.m.f. applied at time t=0, are shown 
in the curves of Figs. 8, 9 and 10, for the initial or zero-th, the 3rd 
and the 5th sections. These curves together with the exact and ap- 
proximate formulas given above are sufficient to give a reasonably 
comprehensive idea of the general character of these oscillations and 
their dependence on the number of sections and the constants of the 
filter. 

It will be observed that the current is small until a time approxi- 
mately equal to 27 /w,.=nV L,Cs has elapsed after the voltage is ap- 
plied. Consequently the low pass filter behaves as though currents 


were transmitted witha finite velocity of propagation w,/2=1/ Vie 
sections per second. This velocity is, however, only apparent or 
virtual since in every section the currents are actually finite for all 
values of time >0. 

After time t=nV L,C» has elapsed the current oscillates about the 
value 1/k with increasing frequency and diminishing amplitude. 
The amplitude of these oscillations is approximately 
A/k 


Vi—(Qn/ody Nzod 
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ind their instantaneous frequency (measured by intervals between 
zeros) 


— (2n/a2)?. 


The oscillations are therefore ultimately of cut-off or critical frequency 
w,/2mr in all sections, but this frequency is approached more and 
more slowly as the number of filter sections is increased.’ 

The indicial admittances of the band pass filter, type L:C;L2Co, are 
shown in Figs. 11, 12 and 13 for the initial, the 3rd and the 5th sec- 
tions. These curves show not the actual oscillations but their envelopes. 
That is to say the curves must be multiplied by sin w,,¢ to give the 
actual oscillations. The ‘‘mid-frequency” w,,/27 may therefore be 
“carrier frequency’’ which is modulated by the rela- 
tively low frequency oscillations shown in the curves. 

Comparison of the formulas for the indicial admittances of the 
band filters of type L:CiC2 and L,C,L2 with that of type LiCiLeC: 
shows that these curves are applicable to the two former types pro- 
vided the number of sections is doubled and the phase of the oscilla- 
tions of frequency w,,/27 is correctly modified. 

Referring to Figs. 11, 12, 13 it will be observed that the oscillations 
are small until time t=4n/w; consequently they are transmitted with 


regarded as the 


an apparent velocity of propagation roughly equal to w/4= 1/2V Lic? 
sections per second. 

After time t=4n/w, the low frequency oscillations shown in the 
curves are of increasing frequency and diminishing amplitude, their 
envelope being roughly equal to 


The actual oscillations are analyzable into two frequencies 


1—(4n/wt) ) and 2\ 1—(4n, wt)*) 


so that the ultimate oscillations are of the two critical frequencies 


1 1 
(Wm +w/2) and 5-(wm—w/2). 
2r 2r 


§ For curves showing the indicial admittance of the low pass filter when n is very 
large, the reader is referred to Transient Oscillations, Trans. A. I. E. E., 1919. 

®For types L:C,:C2 and L;C,L2 the velocity in sections per second is double this 
This corresponds to the fact that two sections of these types are approximately 
equivalent, as regards their selectivity, to one section of type 2,0, L202. 
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For both the low pass and band pass filters the oscillations of the 
indicial admittances are of continuously variable frequency which traverses 
the frequency transmission band and ultimately reaches the critical fre- 
quencies of the filter.” 

The indicial admittances of the band pass filter, type Lil2C2 are 
shown in Figs. 14, 15, 16 for the initial, the 6th and 10th sections." 


The curves show the oscillation envelopes V (J;+J’;), whereas the 
actual oscillations are within a constant, 


V [Fa (wt /2) (wt/2)] 


where 6,,=tan—(J,’/J,). For a narrow band filter the variation in 
the phase afigle 9, is very slow. 

The principal difference between these curves and the correspond- 
ing curves for type LiC\LeC: is that the envelope of the oscillation 
does not go through zero as in the latter. In addition the oscilla- 


tions are ultimately of a single frequency = (w»,+w/2) while for type 
Cothe ultimate frequency is — w/2). 


The indicial admittance of the high pass filter, shown in the curves 
of Figs. 17, 18, 19, 20 for the initial, the Ist, 2nd and 3rd sections, 
differs in important respects from those of the low pass and band pass 
filters. In the first place the current jumps instantaneously to its 
maximum value 1/k in all sections, so that the velocity of propagation 
is infinite. After this initial jump the current oscillates with de- 
creasing frequency and decreasing amplitude, the oscillation frequency 
becoming ultimately the critical or cut-off frequency w,/2r. The 
initial frequency and the time required for the oscillation frequency 
to reduce to w,/27, increases, practically linearly with the number of 
sections. The oscillation frequency varies continuously and traverses 
the frequency transmission range of the filter from infinite frequency 
(represented by the initial jump) down to the critical frequency of the 
filter, below which it attenuates sinusoidal currents. 


From a purely mathematical viewpoint, this fact explains the transmission, 
without attenuation, of a continuous band of frequencies. 

"These curves are applicable to the C;L2C2 type of band pass filter, due regard 
being had to difference in phase, and to the initial jump of current. See formulas 
(6a) and (7a). 

% This is, of course, a consequence of the assumption of zero series inductance 


and shunt capacity. Actually, of course, the circuit must include a finite amount 
of both. 
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IV. Tue Buitpinc-Up or ALTERNATING CURRENTS IN WAVE- 
FILTERS 


If an e.m.f. sin (wt+0) is applied to the low pass wave-filter (type 
L;C2) at time t=0, then by formulas I and (la), the resultant current 
in the mth section builds up in accordance with the expression 


sin 0 f cos A(x — x, )dx,+ cos / Jon(X;) sin A(x 
J 


where x=w,t and A\=@/w,. 


For the band pass filter, type 2:C)LeCe2, the corresponding formula, 
based on the approximations discussed in the preceding, is by I and 
(3a). 


sin uy +0) / cos (A—p) 


vy 
+cos (uy+90) / Jon(y1) sin (A— MM) | 


where y=wt/2; X\=2w/w; and w=2w,,/w so that wy=w,,. Similar 
formulas are deducible for the other types of band pass filters con- 
sidered in the preceding section. 

Comparison of these formulas shows that, in both the low pass and 
band pass wave-filters, the genesis and growth of the current in re- 
sponse to an e.m.f. sin (wt+0), applied at time t=0, is mathematically 
determined by definite integrals of the form 


Zz 
y=f J sin 
0 
and 
\ } 
C,(2; v) =f, Jn{21) cos v(s—2)dz\. 


These integrals * have been extensively studied in the course of 
this investigation; their general properties and the appropriate meth- 
ods of computation are discussed in Appendix IIT. 

The subsidence of the current, when a sinusoidal e.m.f. is removed, 
is also determined by the above formulas for the low pass and band 
pass filters. To show this suppose that prior to the reference time 
t=0, that steady-state currents are flowing in the filter in response 

13 The writers take pleasure in acknowledging their indebtedness to T. H. Gronwall, 


consulting mathematician, who furnished asym totic formulas for the computation 
of these integrals. See Appendix III. 
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to an e.m.f. sin (wf+0), which is removed at time t=0. We can 
represent this condition correctly by regarding the e.m.f. sin (wt+@) 
as continuing, while a negative e.m.f.,—sin (wt+®), is applied at time 
t=0. The resultant current for ¢20, is then 


an(w) sin (wt +O)+8,(w) cos (wt+@) 


[sin 0-Con(x;A) +008 O-San(x5 d)] 


for the low pass filter with a corresponding expression for the band 
pass. a,(w) and 8,(w) are the real and imaginary parts of the steady 
state admittances of the filter at frequency w/2z. 

Figs. 21-32 exhibit the phenomena attending the building-up 
of alternating currents in the low pass filter for a sufficient number of 
representative cases to show the effects of the length of the filter and 
the applied frequency. For w,f>25, the curves represent the transient 
distortion, that is the difference between the final steady state and 
actual current. For w,¢<24 the actual current is shown. An im- 
portant outstanding result which follows from a study of these curves 
and the formulas of Appendix III may be stated as follows: 

The time T required for an alternating current of frequency w/2x to 
build up to its proximate steady state in the nth section of a low pass wave- 
filter is given approximately by the formula 

T= 2n 1 


V1— (w/w)? 


The first factor 2n/w, represents the delay due to the apparent finite 
velocity of propagation, while the second factor represents the effect of 
the applied frequency in its relation to the cut-off frequency of the filter. 

This formula is a rather rough approximation when the number of 
sections missmall. Furthermore the time at which the current reaches 
its proximate steady state does not admit of precise definition.“ 
Nevertheless the formula is in substantial agreement with the facts as 
regards the effect of a number of filter sections, cut-off frequency and 
applied frequency on the phenomena, and is of great practical im- 
portance.'® 


4 Actually the time T corresponds to a singularity in the mathematical formulas. 
See Appendix III. 

18 This formula has been applied in the design of periodically loaded cable circuits, 
which are of such length in the Bell System as to make transient phenomena a 
factor which must be taken into account. The formula is in close agreement with 
a large amount of experimental evidence. 
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The transient distortion, it is interesting to note, is, as regards fre- 
quency, independent of the applied frequency, and ultimately attains 
the cut-off frequency of the filter. Its envelope is ultimately 


1 WwW 


k 1— (w/w)? zal 
when a voltage sin wf is applied, and 


] l 
R1—(w a)? \ 


when a voltage cos wf is applied. 

Figs. 33 and 34 show the form of the current in the 5th section 
when sinusoidal voltages sin wf and cos wf of frequency 25 per cent 
above the cut-off frequency of the filter are applied. The transient 
current shown in the curves increases in frequency up to the critical 
frequency of the filter, the oscillations being ultimately given by 


2n+1 
“_ COS (wel — ) 
k (w/w)?-1L\ 1 
and 
] ] 2n-+1 
k (w w)?—-1\ 4 


corresponding respectively to applied voltages sin wt and cos wt. 
The amplitude of these transient oscillations are enormous compared 
with the final steady state, and the curves furnish a clear illustration 
of the fact, stated in a previous part of this paper, that the selective 
properties of wave-filters are essentially properties of the steady state 
only. 

Figs. 385-41 show the building-up phenomena in the band _ pass 
filter, type L,C\LeCe, and are applicable also to types L,C,C2 and 
L,C\L2 when proper values are assigned to the constants and para- 
meters.!© The curves actually show the envelopes of the oscillations 
which are of slowly variable frequency in the neighborhood of w,/2z. 

A study of these curves and the formulas of Appendix ITT lead to the 
following proposition, analogous to that stated above for the low pass 
filter. 

The time T required for an alternating current of frequency w/2x 
within the transmission range w/2n of a band filter to build up to tts 


sections of tvpe are approximately equivalent to sections of 
type or of type Ly. 
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proximate steady state in the nth section is given approximately by the 
formula 


[= 
for type LyC\L2C2 and one half this amount for the other types of band 
pass filters discussed in this paper. 

These curves show the envelope of the oscillations with fidelity but 
are not well adapted to exhibit the actual frequencies. These are 
given by the formula 

VC+S sin font +O+tan 
where C and S denote the definite integrals 


(wt 2(w—wm) wt 2(w— wm) 
Con( “) and So, ). 


’ 
‘ 
w 2 w 


The envelope is therefore substantially independent of the phase 
angle 0 of the applied e.m.f. The frequency is ultimately the applied 
frequency w 27. The transient distortion is analyzable into two 
frequencies 


(ents \ 1—(4n wt)*) and \ 1—(4n wt)*), 


and its envelope is ultimately 


W— Wm 
1+4( 
w 
The building-up of alternating currents in the high pass filter has 

been investigated only qualitatively owing to the extremely laborious 
computations required. The process is essentially different from that 
in the low pass and band pass filters. When an e.m.f. sin (wt+6) is 
applied the current in all sections jumps instantly to the value 
sin (wf+O). 
Therefore the process depends on the applied frequency. If the 
applied frequency is within the transmission band (w>,), the current 
builds up to its ultimate frequency, the time required being given 
approximately by the formula 


2nw, 


T=" 


(by the principle of stationary phase; see footnote 31). 
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It thus requires an infinite time when the applied frequency is equal 
to the critical frequency while infinite applied frequencies build up 
instantly. 

When the applied frequency is outside the transmission band, the 
current subsides to its steady value, the time required being pro- 


portional to the ratio m,w, and decreasing as the applied frequency is 
decreased. 
The fact that the initial value of the current is of the same order 


of magnitude as that of steady state currents in the transmission 


range is an outstanding feature of the process and reflects the failure 


of the selective properties of this type of filter in the transient state. 


V. THe ENERGY ABSORBED FROM TRANSIENT APPLIED FORCES 


In only a relatively few cases is the solution for the transient current, 
in response to suddenly applied forces, reducible to a manageable 
form, which admits of interpretation or of computation without 
prohibitive labor. Fortunately, however, it is usually possible to 


calculate the energy absorbed by a receiving element in a selective 


network from suddenly applied forces of finite time duration and 


such a calculation throws a great deal of light on the general proper- 
ties of selective circuits in the transient state. The calculation is 
based on formulas VI to LX of Section IT. 

A particularly important example is the energy absorbed from the 
force sin (pt+0), applied at time ¢=0 and removed at time t=T. 
If the energy is averaged with respect to the phase angle 0, we get ” 

1 dw (1l—cos(w—p)T 1—cos(w+p)T ) 

|Z (tw) | (w— p) (w+ p) \ 


If p/2z7 is in the neighborhood of the frequency which the network 


is designed to select, this becomes approximately 


°**1—cos (w— p)T dw 


eu 


In the steady state the time integral of the square of the current in 
response to the e.m.f. sin (pt+0) during the time interval 7 is simply 
1/2: Z(ip)?. The expression 

Zip)? cos(w—p)T dw 
wl (w— Z(iw)? 


(9) 


is therefore the relative amoxnt of energy actually absorbed from the 


Here Z(iw) is the steady-state transfer impedance and the integral measures 
the energy absorbed by a unit resistance in the receiving branch. 
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force sin (pt+®) acting during the time interval T, to that calculated 
on the assumption of a steady state in this interval. 

Calculations of these formulas are of particular interest and im- 
portance in multiplex carrier telephone and telegraph systems where 
they furnish a measure of the interference between channels operating 
at different frequencies. 

In order to exhibit clearly the significance of the formulas without 
detailed computation, consider an ideal selective circuit, for which 
in the range w; Sw Swe,'Z(iw)|=Z, (a constant) and everywhere else 
|Z(iw)|=Z, (a constant, very large compared with Z,;). Under 
these assumptions, formulas (8) and (9) become approximately, for 
the case when p>wo, 


1 
(Sa) 
22; (p—wi) 


and 


These formulas admit of some quite interesting deductions which 
are applicable to band filters in general. 

(1) The energy absorbed in excess of that calculated in the steady 
state basis is 
l 1 
(p—w.) 


This is independent of the duration of the applied force and of the 
degree to which the filter discriminates against steady state currents 
outside the frequency range w;SwSw:. It is proportional to the 
band width and inversely to the product (p—w2) (p—w,). It follows 
therefore that no amount of selectivity will appreciably reduce the energy 
absorbed from a sinusoidal force of finite duration outside the transmission 
range of the filter, below the value given above. 


(2) The fractional excess of energy absorbed is given by 


tl (p—we) 


This decreases with the duration of the applied force but increases as 
the square of the selectivity (Z,/Zy) of the filter. WHence for forces of 
short duration the energy absorbed may be very large compared 
with that calculated on the steady state basis. 
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VI. INTERFERENCE 


We have hitherto confined attention to the transient phenomena 
when the form of the applied voltage was explicitly given. In the 
problem of the behavior of wave-filters and selective circuits in general 


to such disturbances as ‘‘static’’ in radio transmission and “noise” 


in wire transmission this is not the case, and the applied force is 
usually more or less completely random. By this it is meant that 


the interfering disturbance, which may be supposed to originate in 
a large number of unrelated sources, varies in an irregular, uncon- 


trollable manner, and is characterized statistically by no predominant 
frequency. Consequently the wave form of the applied force at any 
particular instant is entirely indeterminate. This fact makes it 


necessary to treat the problem as a statistical one, and deal with 


mean values. In the following we shall derive formulas for the mean 


energy absorbed from random interference; and then define and 
discuss the selective figure of merit of networks with respect to random 


interference. 

The mathematical treatment of the problem will be based on 
formulas VI to VIII of section I]. To apply these formulas to the 
problem of random disturbances and their effect on selective net- 
works, consider a long interval of time, or epoch, say from 0 to 7. 
During this epoch we suppose that the network is subjected to a 


large number of individual impressed forces fi(t), felt)... f,(0), 
which are unrelated and vary in intensity and wave form in an irreg- 
ular, indeterminate manner, and thus constitute what will be called 
random interference. If we write 


SO +f, 


. . . 
then by \ I, S°(t) is representable as a Fourier integral, thus: 


1 
— Te 


[ | F(w), cos[wt+O0(w)] dw 
0 


while, in accordance with formula VIII, the energy absorbed by the 
selective network from this random interference is measured by ' 


f? 


Tt should be clearly understood that Z(iw) is the transfer impedance of the 
receiving with respect to the driving branch of the network, and that W” is the 
energy absorbed by a unit resistance located in the former. 
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We now introduce the function R(w) which will be termed the 
energy spectrum of the random interference, and which is defined by 
the equation 


Rw) = F(w)/?. (10 


Dividing both sides by 7 and writing W’, 7 =e, formula VIII becomes 


1 Rw) 
T Z (iw) (11) 


Both e€ and R(w) become independent of 7 provided the epoch is 
made sufficiently great, and € measures the mean energy absorbed per 
unit time from the random interference. The practical significance 
of this formula is contained in the statement that the required function 
of the selective network, as regards random interference, is to minimize 
the ratio of € to the signal energy. Consequently this ratio furnishes an 
index of the merit of the network. 

In order to rigorously evaluate the integral of formula (11) the 
energy spectrum R(w) of the interference must be completely specified 
over the entire interval of integration. Obviously this information 
cannot be deduced without imposing some restrictions on the char- 


acter of the interference, or making some hypothesis regarding the 
mechanism in which it originates. On the other hand if the forces 
filt), felt) ...f,(0) are absolutely random in a strict mathematical 
sense, it would appear that all frequencies are equally probable in the 
spectrum R(w) and that, consequently, the most probable energy dis- 
tribution is that which makes R(w) a constant, independent of w. 
This inference, however, has not been theoretically established; 
indeed, the problem does not appear to admit of satisfactory solution 
by the calculus of probabilities. Furthermore, deductions based on 
the assumption that the interference is random in a strict mathemati- 
cal sense might well be inadequate for the applications contemplated, 
and the “most probable” spectrum in serious disagreement with the 
spectrum of the actual interference ' to which we wish to apply the 
results of the present study. 


Fortunately, in view of these difficulties, a complete specification 
of R(w) is not at all necessary for a practical solution of the problem. 
This is a consequence of the following facts: 


'’ For example, the spectrum of the interference presented to the terminals of the 
selective network will be modified by the characteristics of the ‘‘transducer,” over 
which the disturbances are transmitted. Thus both in radio and wire systems, 
the greater attenuation suffered in transmission by high frequencies, will reduce the 
relative intensity of the high frequency part of the spectrum. 
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(a) In the case of efficient selective networks, the important con- 
tributions to the integral (11) are confined to a finite continuous range 
of w which includes, but is not greatly in excess of, the range which 
the network is designed to select... This fact is a consequence of the 
impedance characteristics of selective networks and of the following 
properties of the spectrum R(w). 

(b) Riw) is a continuous, finite function of w which converges to 
zero at infinity and is everywhere positive. It possesses no sharp 
maxima or minima,*! and its variation with respect to w, where it 
exists, is slow. These properties of R(w) are believed to be evident 
from physical considerations, and will not be elaborated. 

Now referring to formula (11), since the numerator and denominator 
of the integrand are everywhere positive, it follows that a value 
w, Of w exists, such that 


e= R (wm) 


\Z(iw) 


Now suppose that the network is designed to select frequencies in the 
range w;SwSwe. Then from the properties of the network and of 
the spectrum R(w) discussed above,-it follows that ,, lies close to, or 
within, the range w;SwSw.. In any case, if the band w:—« is 
made so narrow that the curvature of R(w) over the interval is negligi- 
ble, then with negligible error w,, may be taken as 27 times the ‘‘mid- 
frequency” of the band. That is to say, with negligible error, w,, 
may be defined either as (@;+ 2) /2 or as wiwe. 

The foregoing argument may be summarized in the following 
proposition : 

The mean energy € absorbed per unit time from random interference by 
a selective network designed to select the band of frequencies corres ponding 
to w; Sw Sw. ts measured by the formula 


pR Wm), 


a“ 


where p denotes the infini'e integral 


“” This statement excludes from present consideration networks, which, like the 
high pass filter, select an infinite band of frequencies. This limitation, however, is 
of no practical consequence, because such networks are quite useless as regards 
random interference. This question will be briefly discussed later. 

* The existence of sharp maxima and minima would indicate the presence of 
systematic interference, which should not be regarded as part of the random inter- 
ference. 
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and R(w,,) is the spectral energy level of the interference at frequenc) 
Wy» 27. Wy», lies close to or within the band w,<w<we, and when this band 
is sufficiently small with respect to the curvature of R(w), w,,/2m may be 
taken as the mid-frequency of the band. 

Formula (12) is of very considerable practical and theoretical im- 
portance. It furnishes a basis for the experimental determination 
of the energy spectrum R(w), and this determination, for any given 
epoch, can be made as accurate as desired by employing a band filter 
which selects a sufficiently narrow band of frequencies. It also leads 
immediately to the following important proposition. 

If a selective network is required to select the band of frequencies cor- 
responding to w;SwSwe, the mean energy absorbed per unit time by 
the network from random interference is necessarily greater than 


1 1 We dw 
Zia Rom (Z (iw) (13) 


This formula, therefore, determines the theoretical limit, beyond which 
it is not possible to discriminate against random interference. 

We are now prepared to introduce a formula which defines the 
figure of merit of a selective network with respect to random interference. 
This formula gives the signal-to-random-interference energy ratio of 
the network as compared with the corresponding ratio in an ideal refer- 
ence circuit (defined below). 

Let the network, as above, be designed to select frequencies in the 
band ;SwSwe Then the energy absorbed per unit time from 
steady-state forces in this frequency range is proportional to 


1 dw 
o=- — 
we— 


The corresponding mean energy absorbed from random interference 
is proportional to 
dw 
|Z (tw)? 


when the energy level of the interference is corrected to unity. 

The ratio S=a/p defines the selective figure of merit of the network 
with respect to random interference. 

Stated in words, the selective figure of merit of a network with respect 
to random interference is equal to the statistical signal-to-random-inter- 
ference energy ratio, divided by the corresponding ratio in an idea! band 
filter which transmits without loss all frequencies in a “‘unit’’ band 
(w2—w,=1), and absolutely extinguishes all frequencies outside this band. 
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In the foregoing argument, the theoretical limitations have been 
carefully pointed out and even emphasized. In practical applications, 
however, it is believed that these limitations are of small or negligible 
importance, and that the formula for and definition of the selective 
figure of merit furnish all the information, as regards the behavior of 
selective circuits to random interference, which we are in a position 
to make use of. Thus the formula is immediately applicable to the 
problem of determining the effect of band width, number of sections, 
dissipation, and terminal reflections on the selectivity of filters 
with respect to random interference. It furnishes likewise, a means of 
estimating the comparative merits of the very large number of circuits 
which have been invented for the purpose of eliminating “‘static’’ 
in radio communication, and leads to general deductions of practical 
value regarding the inherent limitations imposed on the solution of 
the problem. 

The utility and significance of the foregoing formulas will now be 
illustrated by application to some representative selective circuits. 
It is easily shown that, to a good approximation, in the case of the low 
pass filter (type 


] 


and for the band pass filter (type L,C,L2C2) 


1 


In these formulas n denotes the number of filter sections while , 
is 27 times the cut-off frequency of the low pass filter and w is 2x 
times the transmission band width of the band filter. In both cases 
the filters are assumed to be terminated in their characteristic im- 
pedances and to be non-dissipative.” These formulas show at once the 
effect of band width and number of sections 7 on the behavior of wave- 
filters to random interference, and lead to the following proposition. 

In filters designed to select a band of frequencies of width w, the ratio 
of energy transmitted through the network by the signal and by random 
interference is inversely proportional to the band width and increased in- 
appreciably when the number of sections is increased beyond two. 

As regards the effect of dissipation, a second proposition is deducible. 

The effect of introducing dissipation into a network designed to select 
a single frequency or a band of frequencies is always such as to reduce 
the ratio of signal energy to that absorbed from random interference. 


2 These approximate formulas are in very good agreement with actual calcula- 
tions for filters terminated in resistances. 


, 
7 2 
| 
Se 
| 
2 
by, 
ers 
ay 
| 
4 
a 
er; 


28 BELL SYSTEM TECHNICAL JOURNAL 


An inference drawn from the study of band filters in the preceding 
section may be stated as follows: 

The selective figure of merit of a wave-filter designed to select a finit. 
band of frequencies is approximately proportional to the minimum tim: 
required for sinusoidal currents within the transmission band to build up 
their approximate steady values, divided by the number of filter sections. 

Another circuit of practical interest, which has been proposed as 
a solution of the “static” problem in radio-communication consists 
of a series of sharply tuned oscillation circuits, unilaterally coupled 
through amplifiers.“ This circuit is designed to receive only a single 
frequency to which all the individual oscillation circuits are tuned. 
The figure of merit of this circuit is approximately 


L 

(2n—2)! 

where denotes the number of sections, or stages, and L and R are 
the inductance and resistance of the individual oscillation circuits. 
The outstanding fact in this formula is the slow rate of increase of 
S with the number of stages. For example, if the number of stages is 
increased from 1 to 5, the figure of merit increases only by the factor 
3.66, while for a further increase in 7 the gain is very slow. This gain, 
furthermore, is accompanied by a serious increase in the ‘“‘sluggish- 
ness’’ of the circuit; that is, in the particular example cited, by an in- 
crease of 5 to 1 in the time required for signals to build up to their 
steady-state.” 

The outstanding deduction of practical importance to be drawn 
from the preceding is that, as regards disturbances which are pre- 
dominantly random, irregular, or discontinuous, it is useless to employ 
selective circuits of extremely high selectivity. The gain in signal- 
to-interference ratio is very small when the selectivity is increased 
beyond a moderate amount, and is only gotten by making the circuit 
relatively sluggish and slowly responsive. 

The preceding discussion is, for the reasons discussed above, not 
applicable to selective circuits like the high pass filter, which transmit 
an infinite band of frequencies. Considerable information, however, 
regarding the behavior of the high pass filter to random disturb- 
ances can be gotten by returning to formula (10) and comparing the 
energy absorbed by the high pass filter, with that absorbed by a 
pure-resistance network. Reference to formula (10) shows that the 

3 See U.S. Patent No. 1173079 to Alexanderson. 

* When the number of stages ” is fairly large, the selective figure of merit becomes 
proportional to ¥” and the building-up time to n. 
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energy absorbed from random disturbances by a pure resistance net- 
work is proportional to 


R(w)dw. 


The relative amount of energy absorbed by the high pass filter 1s 
greater than 


aX 
/ R(w)dw. 


The function R(w) represents, as above, the statistical energy spectrum 
of the interference. 

Comparison of these formulas shows at once that, unless the energy 
of the random interference is largely confined in the range w<a,, 
little protection is afforded by the high pass filter. 


APPENDIX I 


DERIVATION OF WAVE-FILTER INDICIAL ADMITTANCES 


1. Low Pass Wave-Filter, Type LiCo. 


The derivation of the indicial admittance of this type of filter is 
given in detail by one of the writers in a previous paper.” The 
method of solution there employed, which is quite generally applic- 
able to periodic structures, consists in writing down the Heaviside 
Expansion formula for the current in the mth section of a filter of s 
sections in length (s>m), short circuited at the sth section. The 
expansion is converted into a definite integral by letting s become 
infinite and the formula becomes that of the indicial admittance of 
the mth section of an infinitely long filter. For the non-dissipative 
filter having mid-series termination, this procedure leads to the 


formula 
2 fx/2 . 
A,(t) = / dx: — cos (2nd): cos (x; sin A)dX, X=wel, 
e/0 Te 0 


which is identifiable, from known formulas, as 


A,(t) = / Jon(x1)dx}. (1.] ) 


A much more direct and flexible method of solution and one which 
avoids the necessity of setting up the Heaviside expansion formula 


% Transient Oscillations, Trans. A. I. E. E., 1919. This paper should be con- 
sulted for the details of this method. 


: 
7 
ah 
> 


BELL SYSTEM TECHNICAL. JOURNAL 


and then converting into a definite integral, is to employ the integral 
equation II. If Z, (p) denote the transfer operational impedance of 
the nth section of the infinitely long low pass filter, we have 


Zi(p) VP +02 

and writing x=w,t, F(x) =kA,(t), the integral equation IT becomes 
1 

+1 


Qn 


Ci 
The solution of this integral equation is known” ; it is 
= 
et) 


which agrees with the preceding. 

The ‘‘mid-series”’ termination is chosen not only for its importance 
in practical applications but because in general the indicial admittance 
has been found to take the simplest form when the voltage is ap- 
plied at this position. This is not always the case, however. For 
example in the low pass filter if the e.m.f. is applied, not directly at 
mid-series but through a terminal inductance L=L,/2=k/w,, the 
integral equation becomes 


whence 


Unless, however, the terminal impedance is related in some simple 
manner to the constants of the filter, the resulting formula is neces- 
sarily complicated. 


2. High Pass Wave-Filter, Type CyLo. 


For this type of filter it can be shown, by the first method discussed 
above in connection with the low pass filter, that the indicial ad- 
mittance is expressible as the definite integral 


— 


*6 Nielsen, Cylinderfunktionen, page 186, formula 13. 


2 cos(2n ) sin dd 
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where x=w,t. For the case n=0, the solution can be recognized as 


: 


b Jo(x). 


To attack the problem by means of the integral equation II, we 
write down the operational transfer impedance 
Qn 


1 


Writing wf=x, and A,(t) x), and substituting in II gives, 


as the integral equation of the problem 


(2.3) 


The solution of this equation can be expressed in a number of differ- 
ent forms, depending on the type of expansion of the right hand side 
which we adopt. One form is as follows: 

Expansion of the bracketted expression on the right hand side by 
the binomial theorem and rearrangement gives 


(2n)(2n—1) (p?+1) (2m) . . (2n—3) 
2n (2n)( (2n —1)(2n —2) (p?+1) 


that 


1 
[ Jo(x)e-?*dx = ———— 
the solution, after rearrangement, becomes the terminating series ” 
F,(x) =kA n(t) 


2 4 2 
= (140 Jes) 
(4n?—2) x* x5 
—2n(x+ 31 5! Bit (2.4) 


where D~™ indicates multiple integration, repeated m times. Thus 


1Jo(x) =f D~?Jo(x) dxf etc. 
0 0 


2 This solution has been derived from the definite integral also. 
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Another type of expansion, leading to the formula given in the text, 
is suggested by the known identity 


l 
= ————(vV/ p?+1—p)". 


To introduce this identity, we write the integral equation in the form 


“0 


and expand the bracketted expression by the binomial theorem. 


Identification of the individual terms and rearrangement gives the 
terminating series 


2n (2n)(2n—1),,. , 
F,,(x) = do(x) — + -D-*ho(x)— .... 
2) 


1 
where @,,(x) denotes the terminating series 


om(x) = Jo(x) — (x) +... +(—1)"JS 


and as above D~” denotes multiple integration. 

It is an easy matter to derive solutions in the form of infinite series, 
as for example power series and Bessel series. These solutions, how- 
ever, which have been carefully investigated, have not proved man- 
ageable for either computation or interpretation. The solutions 
given above are also unfortunately, extremely difficult to compute or 
interpret. For computation, numerical integration of the following 
difference equations, is sometimes preferable 


Fy(x) =Jo(x), 


— Fo(x) =2 dx [ 'Fo( x2) 


—2Fy(x) + Fy_1(x) 


n>1. 
3. Band Pass Wave- Filter. 


The mathematical discussion of the band pass filters will be limited 


to the LiC,\L2.C2 type shown in Fig. 8. This type is representative 
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and the appropriate mathematical procedure is essentially the same 
for all the band pass wave-filters. 

The first method of solution outlined above for the low pass and 
high pass filters, leads, for the LiC,L2C2 type of band pass filter, to 
the definite integral formula 


on 

= — €OS 2nu-cos(y sin 3.1) 
So g 


where x=w,,; y=wt, 2; p=w/2w,,; and 


g=V1+p?sin® 


In solving this definite integral, use is made of the known formulas, 


9 7/2 
Jon(y) = f cos 2nu:cos(y sin w)du (3.2) 
Ti) 
and 
2 72, 
(—1)5 Jan(y) = [ w+ cos 2mu-cos(ysin w)du. (3.3) 


If in (3.1) g is replaced by unity, it follows from (3.2) that, to this 
approximation 


A,(t)= Jon(¥) sin x (3.4) 


Wm k 


which is formula (3a) of the text *. Clearly this: becomes an in- 


creasingly good approximation as the parameter p becomes smaller; 


that is, as the ratio of the band width w 27 to the mid-frequency 


w,,/2r becomes smaller. The approximate formulas of the text for 
the other types of band pass filters were derived by precisely similar 


procedure and involve approximations of the same character and order 


of magnitude. 
To investigate the approximate solution, we proceed as follows: 


If we write 


‘ 

F,,(x,y) = cos 2mu-cos(ysin w)du, (3.5) 
g 


and 


9 : 
= [ sin gx-cos 2mu+cos(y sin w)du, (3.13) 


and if we substitute for 1,g in (3.5) the expansion 


: 


* If a series resistance R,; anda shunt resistance R,=&? R; are included in the 
filter sections, the formula becomes (3.4) multiplied by the factor exp(—R,y 2k). 
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it follows from a formula exactly analagous to (3.3) that 


13, 
(1 +50 y2 G,(x,y) (3.7 } 


so that the problem is reduced to the solution of the definite integral 
G,(x, y). 


In the integral (3.6), write g=1+h, so that 


whence 


9 en /2 
G, (x,y) =sinx+ — cos hx + cos cos(y sin p)du 
T 
(3.9) 
+cosx: / sin hx+ cos 2nu+cos(y sin w)dp 
T 


= sin x+Q,, cos (3.10) 


where P,, and Q, denote the definite integrals of (3.9). This effects 
a further reduction of the problem to the solution of the definite 
integrals P, and Q,,. 


In the integrands of these integrals expand cos hx and sin hx in the 
usual power series, and in each term thereof introduce the expansion 


(5 ) (sin? (L+as;p? sin ...), 


where the coefficients are given by 


1 =(~1ys 


By aid of this procedure it is easily shown that 


(p2x/2)? d4 ds 
= Feat —(12\p" oop! - Jon 


/2)4 d‘ 


4 ! dy" + dy* ) J» (y) 


(p?x/2)® d'? a 


(3.11) 


with a corresponding expansion formula for Q,. 
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It is now convenient to introduce the symbolic notation 


12) 


P,,=cos [x(V/1 — —1)] Jan(y) 


and 


=sin [x(V/1 —p2d?—1)] Jon(y) (3.13) 


where the symbol d denotes the differential operator d/dy operating 
on J2,(y). The actual numerical significance of these formulas is 
gotten by expanding as in (3.11). 
With the same symbolic notation we get finally, 
A,(t)=- 1—p'd*) Vi Jon(y). (3.14) 


Wm 


The exact solution (3.14) is too complicated, as it stands, to be of 
any practical value. Fortunately, however, it is possible to sum the 
expression asymptotically, and the resultant formula shows clearly the 
behavior of A,,(¢) and in particular the character and magnitude of the 


errors in the approximate formula of the text. 
When y is large compared with (47), 


J on(y) 


to order 1/y”. 

If this expression is substituted in the expanded form of (3.14), 
some rather intricate and tedious operations finally give as the asymp- 
totic limit of A,,(¢) 


| (1 ) sin 1+ )*)cos (y- 
‘ 
— (50+ )eos(x sin (y- 47): 


The coefficients of the two terms of (3.16) are even and odd power 
series in p respectively, powers of p beyond the second being neglected. 

Formula (3.16) is important, as showing the effect of the band 
width, that is of the parameter p, on the indicial admittance. It can 
be used for numerical computation, however, only when y>(4n)?’. 
A corresponding formula, valid over a much wider range, is obtain- 
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able from the expression derived in Appendix II for the Bessel func- 
tion, namely 
Jon(y) = Bony) cos Qen(y). 


If this expression is employed instead of (3.15), we get corresponding 
to (3.16), 


...) sin 008 (9) 


(3.17) 
cos (x1 +o?) sin (y) 


(1 ~ o+.. sin Jon (y) 
(3.18) 


where ¢ = pq2, = pV/1—(2n/y)?. 


Formula (3.17) is valid when y>2n, and ultimately approaches the 
limit (3.16) as y becomes indefinitely large. 

We are now prepared to discuss the character of the approximations 
of the formula of the text, which may be written as 


Bay (y) sin [x-+ (y)] +8in [x —Qon(y)] (3.19) 


Qwmk 


Correspondingly (3.17) may be written as 


sin eV 
Boy (y) 


| + (1450+ sin 


\ 


(3.20) 


Comparison of (3.19) and (3.20) shows that the approximate formula 
of the text ignores slowly variable correction factors in the ampli- 
tudes of the component oscillations, and a slowly variable change in 
their frequencies. For band pass filters employed in practice these 
corrections are not only slowly variable but in most cases are quite 
small. In any case, it is important to observe that failure to include 
these corrections does not appreciably affect any essential features of 
the building-up phenomena discussed in the text. Consequently the 
deductions from the formula of the text are valid not only for narrow- 
band pass filters, but also for filters of quite wide bands. This state- 
ment is substantiated by the fact that the steady-state characteristics, 
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deduced from the approximate formula in accordance with the general 
formula V, are in excellent agreement with the exact values. 

As illustrating the appropriate methods in the solution of problems 
in electric circuit theory, it is of interest to derive the formula for the 
band pass filter directly from the integral equation II. The method is 
not only more generally applicable, but avoids the necessity of deriving 
the definite integral (3.1). We therefore start with the formulas: 


e- A, (t)dt=1/p Znlp) 
0 
or 


x 
/ At (t)dt=1/Z,(p), where A,(t) =d/dtA,(t). 


0 
For all wave-filters of the “ladder” type it may be shown that 
ZAp) 
where 2, and 2, are the series and shunt impedances respectively, and 
r=2,/22. This expression admits of series expansion 


1 2n+2 1 (2n+3) (2n+4) 


(9.22) 
(2n+4) (2n+5) (2n+6) 1 ; 
For the L:C,12C2 type of filter 
( 4 
and 
(5) 
It follows from (3.22) and the integral identity, 
0 
that 4; (¢) has an expansion solution of the form 
1! 
+ ets) pn +4 fom 4(x) (3.23) 
(2n+4) (2n+5) (2n+6) , / 
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where x=w,,¢; p=w,/2w,,; and the f,(x) functions are defined and 


determined by the integral identities, 


for all integral values of s. 
For s=0, the solution of this equation is known; it is 


=cos x. 


The solutions for s>0 are gotten from the recurrence formulas *’ 


falx) = [cos 
Repeated applications of this formula give 


fes(x) = (P2s(x)cos x+Qos(x)sin x) 


where P., and Qa, are polynomials in x of the 2s and (2s—1)" 


orders respectively. Thus: 


=als) 55 + BO) + 160) —pit 


(terminating in term in x?/2!), 


and 
2s—1 


Qs 


in term in x/1!). 


The a, 8, y...a, 6, c,... coefficients are functions of the order s; 


the first few coefficients are: 


a(s) =1, s=0, 


a(s) = 
B(s) 
(2s +1) _ (2s—3) (2s+1) (2s+2) 
b(s) = : 3-16 


If the foregoing expressions for the f, functions are substituted in 
the series solution (3.23) for Aj(t) and if the series are rearranged as 


explained below, we get writing wt/2=px=y, 
Aj,(t) = ‘y) cos x+pR,(y) sin x + p?Ro(y) cosx.. . 


” See equation 10, The Heaviside Operational Calculus, B. S. T. J., Nov., 


1922. 
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The first term J2,(y) is gotten by picking out the leading terms in the 
P polynomials; the second term Ri(y) by picking out the leading 
terms in the Q polynomials; the third term R.(y), from the second 
terms in the P polynomials; etc. 

The work of rearranging and identifying the ‘‘remainder’’ functions 
Ri(y), Re(y) ... is rather intricate and tedious. The first few func- 
tions can be written as 


R,(y) = (5 ) (i + Jan) 


1 37 d® 6 6 24 
R3(y) = (3 4 (a + y dy® = y 5) Jan), etc. 


If we substitute these expressions, rearrange and write py 2=s, 
we get finally 


+ sin «| | on(¥) 
5 
A, ~ pb | +p sin [5 - 


. + series involving factors in p? and higher powers. 


Neglecting factors in p*, this becomes 
[1-5 13 d8 
| sin x} 1— +- ee 


E d? 3° dé 4 


The character of this solution in the region y>2v, is shown by the 


A, (i) = 


asymptotic 
A,(t) = J sin ( l Sp" XxX (3.25) 


where 
(2n)? 


| 
| 
| 
| 


40 BELL SYSTEM TECHNICAL JOURNAL 


To the same order of approximation in p=w, 2w,,, this agrees with th 
solution (3.18) given above. 


APPENDIX II 
PROPERTIES OF THE BESSEL FUNCTION J,,(x) 


The Bessel functions have been studied and tabulated more ex- 
haustively than any other functions largely owing to their great 
importance and frequent occurrence in mathematical physics. Quali- 
tatively their behavior for integral orders » and real arguments x 
may be described as follows. 

When the argument is less than the order (0Sx<n) the function is 
very small and positive, and is initially zero (except when =0). 
In the neighborhood of x=n, the function begins to build up and 
reaches a maximum a little beyond the point x=n. Thereafter the 
function oscillates with increasing frequency and diminishing ampli- 
tude, and ultimately behaves as 

[2 2n+1 
\ cos(x— 4 
When =0, the initial value is unity, but the subsequent behavior of 
the function is as described above. 

In order to get a more accurate picture of this function the follow- 
ing approximate formula was developed in the course of the present 
investigation.” 

J n(x) = B,(x) cos Q,(x), forx>n 
where 
2 
mx 


= 


x (1 — m? /x?)*/2 4 
d 
2, (x) = — 2, (x), 
dx 
2 x4 (1—m?/x*)”’ 
and 


=n? —1/4. 


® It was subsequently discovered that somewhat similar formulas had previously 
been developed by Graf and Gubler (Einleitung in die Theorie der Besselschen 
Funktionen), and by Nicholson (Phil. Mag., 1910, p. 249). 
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[his approximate formula is valid only where x>n, its accuracy 
increasing with x and with x. For all orders of it is quite accurate 
beyond the first zero of the function. 

The “instantaneous frequency” of oscillation is approximately 


By this it is meant that at any point x (>a) the interval between 
successive zeros is approximately 7, Q’(x). Otherwise stated, in the 
neighborhood of any point x, the function behaves like a sinusoid of 
amplitude B,(x) and frequency w, 27 where w= 

The following approximate formulas, while not sufficiently precise 
for the purposes of accurate computation except for quite large values 
of x, clearly exhibit the character of the functions for values of the 
argument x>n, and of the order >2. 


J, (x)=) ( 0 
Jy(x)= COS Gy), 


> 
TX 


/ J, (x)dx=1+4+ j sin —On). 
q 
where 
1 1/4 n* 
h,= ( =1+ —, 
1—n?/x? 
V 
and 
2n+1 
0, = x—n sin-'(n/x). 


ApprENDIX III 
BUILDING-Up OF ALTERNATING CURRENTS IN WAVE-FILTERS 
The integrals 

Sul Sew) = MAC sin v(g—2,)d2; 

and 

C,.(2;”) = cos v(z—2,)dz,, 


on which the genesis and growth of alternating currents in the low 
pass and band pass filters depends, have been computed as follows. 
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For values of s<24, n<10 and vS1, they are accurately calculable 
from the following series expansions 
and 


Sn(23v) = 40(C2T 42(2) .), 


where the coefficients ¢,, C2... are polynomials in 2», and are inde- 
pendent of the index n. They are 


c,=1, 
(2v)?, 


3-4-5 

2 
1 (24)? 


The tabulation of J,(s) for values of z up to 24 and of 2 up to 60 
given by Gray and Mathews and by Jahnke und Emde make the 
computation for integral values of z rapid and precise. 

For large values of » the integrals can be accurately computed, 
except in the neighborhood of the critical point s=n/V1—¥, (v<1), 
from the asymptotic formulas furnished by Gronwall. 

Without detailed computation, however, the general charact:r of 
the integrals can be shown as follows with an accuracy usually sufh- 
cient for engineering purposes. By differentiation S, and C,, satisfy 
the differential equations 


=vCy 


and 


Cr=Jn(s) —vSn, 


Ww 


4 = 
p 
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where the primes denote differentiation with respect to the argument 
z. The solution of these differential equations is based on the ap- 
proximation, valid only when z>n, 


., 


To this approximation, which becomes more and more accurate as 
g and increase, the differential equations are satisfied by solutions 
of the form 


J,(z) +A sin (vz—a), 
and 
C.=3 +A cos (vz—a). 


A and ain the complementary terms are arbitrary constants, which 
must be determined. These complementary terms, periodic in vz, 
are evidently the ultimate values of the integrals when z approaches 
infinity, which are known. Other considerations, however, show that 
these terms should be omitted when »y<1 and z<n/y1—v*. Conse- 
sequently we arrive at the following approximations.*! 


For v<l and n <s<n/V1 
Sn(z3v) 


Il 


= de Z), 


and 


This approximation is not accurate at z=n, and breaks down at the 
critical point s=n/V1—v*. In the interval between, however, it 
is a fair approximation, particularly when v is nearly equal to unity 
and 7” is not too small. 


For v<1 and z>n/V1- 


= + ———— sin (vt—n sin»), 


and 


C,(2;v) = =— J, (2) +———€0s (vz—n sin»). 
dn 
3% The qualitative properties of these definite integrals can be deduced from the 
principle of stationary phase (See Theory of Bessel Functions, G. N. Watson, p. 229) , 
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This formula can be safely employed only when z considerably exceed 
the critical value n/V 1— 


For v>1 and z>n, the ultimate periodic terms are very small, anc 
may be omitted unless is too small. Consequently in this region 


= = Ja(2), 
and 
= 


In the range of values for which the foregoing approximations are 
valid we have also to the same approximation (see Appendix IT) 
r9 


Jats) | cos 


and 


APPENDIX IV 
THE EFFECTS OF TERMINAL IMPEDANCES 


In the text of this paper, the calculation of the wave-filter indicial 
admittances is based on the assumption that the voltage is applied 
directly to the filter at ‘“‘mid-series’’ position and that the filter is 
either infinitely long or else, what amounts to the same thing, is 
terminated in its characteristic impedance. By virtue of these as- 
sumptions, the disturbing effects of terminal reflections are eliminated, 
and, as shown in the text, the solution is reducible to a relatively 
simple form, which admits of considerable instructive interpretation 
by inspection, and is rather easily computed. 

In the following the general solution will be given for the indicial 
admittance A,(¢) in the mth section of a wave-filter of s sections or 
length, with the e.m.f. applied to the initial or zero-th section through 
an impedance Z,(p)=Z, and the last or sth section closed by an 
impedance Z2(p) =Z2. 


For any type of periodic structure, including as a limiting case, the 
smooth line, it can readily be shown that 
K, 1—pipze~*s! (1) 


whe 


: 
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where 


45 


K,=characteristic impedance, as seen from terminals of 


initial or zero-th section, 


K»2=characteristic impedance, as seen from terminals of last 


or sth section, 
I =propagation constant per section, 


Z,, Z,=terminal impedances, 


Ky 


and 


K,, Ke, Z1, Z2, and consequently o, p;, p: are, of course, functions of 
ly 


the operator Pp. 


The corresponding indicial admittance A,,(¢) is given by the integral 


equation 


1 
pt 
/ 


By aid of (1) the right hand side of (2) can be expanded as 


pR, 


(2) 


(3) 


Now if a,,(¢) denotes the indicial admittance in the mth section of an 
infinitely long periodic structure, when the e.m.f. is applied directly to 


the sending end terminals, it follows from (2) and (3) that 


(that = 
pK, 


—~ 


& 
3 
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From (2), (3) and (4) it follows at once that 


= 4 fo ro(t—y)an(y) +re(t— nly) 
. (5) 
provided the functions ry(t), ri(t), re(t) . . . satisfy, and are defined by, 
the equations 
1 Ky, 
(t)dt = — 
; ~ pKit 
(t)dt = = = 6 


If the indicial admittance in any section of an infinitely long periodic 
structure is determined, and equations (6) solved for ro(t),7i(¢), re(t) ... 
(by aid of any of the methods discussed in the present paper), then 
A,(t) is given by (5) by a single quadrature. The solution may 
appear quite involved; as a matter of fact it is the simplest and most 
easily interpreted and computed form of solution possible and its 
complexity merely reflects the complicated character of reflection 
effects due to terminal impedances. This considered statement is 
made in the light of an extensive study of the whole problem and the 
literature bearing on it and has been tested in many specific cases. 

When the terminal impedances Z; and Z2 are complicated and en- 
tirely unrelated to the corresponding characteristic impedances K,; and 
Ko, the solution of equations (6) and the numerical computations of 
(5) are laborious but entirely possible, the only questions being as to 
whether the importance of the problem justifies the necessary ex- 
penditure of time and effort. In many cases, also, approximate 
solutions are obtainable. Without any computations, however, the 
solution (5) admits of considerable instructive interpretation by 
inspection. The first term represents the current in the mth section 
of an infinitely long structure when a unit e.m.f. is impressed through 
a terminal impedance Z;.  ro(t) is the corresponding voltage which 
exists across the terminals proper. The second term is a reflected 
wave from the other terminalS due to the terminal impedance irregu- 
larity which exists there. The third term is a reflected wave from the 
sending end terminals due to the corresponding terminal impedance 
irregularity, etc. The solution, consequently, is expanded in a form 
which corresponds exactly with the actual sequence of phenomena 
which occur. 
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The solution takes a particularly simple and instructive form when 
Z,=k,K, and where k; and are numerics. In this case 
the solutions of (6) give 


1 
ro(t) I+k,’ 

1 | 1—k, 


The solution for the special cases of open and short circuit termina- 
tions follow at once by assigning the values of zero or infinity, as the 
case may be, to k; and ko. If ki=0; k2=1, A,(t) reduces to a,(t) 
as, of course, it should. 
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Use of Labor-Saving Apparatus in Outside Plant 
Construction Work 
By J. N. KIRK 


INTRODUCTION 


N the January issue of this Journal was discussed the adaptation 
of transportation equipment to telephone construction and 


maintenance work. Closely associated with the operation of such 


equipment is the problem of utilizing various labor-saving machinery 


which in many cases has been so designed as to form an integral 
part of the transportation unit. 
It is the purpose of this article to describe some of the more im- 


portant developments along this line such, for example, as the applica- 


tion of different types of derricks, trailers for various kinds of work, 
earth boring machines, numerous applications of air compressors 
and compressed air tools, etc., and in some instances to contrast 


the latest types of equipment with former manual methods of carrying 


out similar operations. 


PoLE DERRICKS 


There are erected in the Bell System each year in the neighborhood 
of 600,000 new poles. In addition, the maintenance of the existing 
plant of over 14,000,000 poles involves the moving, removing, re- 


setting and straightening of large numbers of poles annually. This 
immense task emphasizes the importance of devising means for off- 
setting, in so far as is practicable, the old manual methods of handling 


‘these poles on the job and from point to point in the field as occasion 


demands. 

In 1914 there was developed and put into use a pole derrick of the 
tripod type which was mounted upon a 5-ton truck from which the 
derrick received the necessary power for operation. As the use of 
this derrick, which weighed something over 14 a ton, was extended it 
became apparent that while the fundamentals of the design and 
operation were reasonably well adapted to the average construction 
job, the weight and bulk of the apparatus introduced a very real 
factor with regard to the available truck capacity. The derrick 


members, being large and heavy, were difficult for the men to handle 
and there was not in all cases the desired amount of flexibility to 
meet the varied and often difficult requirements. This derrick, how- 
ever, clearly demonstrated the inestimable value of apparatus cap- 
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able of doing in a few minutes the work ordinarily requiring a larg¢ 
gang of men, many times as long to complete. 

An active period of development and experimental field work soon 
followed the advent of this labor-saving device which has resulted in 
making available a light type of high grade steel tube derrick. 

Figs. 1 and 2 show a pole derrick of the latest tvpe mounted on a 
2!5 ton truck. Fig. 1 illustrates the method of erecting a pole where 
the truck can be maneuvered into a position in close proximity to the 
proposed location of the pole. Fig. 2, on the other hand, shows the 
possibility of handling a pole at a considerable distance from the 
location of the truck, which for any reason may be more practicable 
or desirable. 

These illustrations show the derrick in each of the two possible 
operating positions; in the first instance supported entirely upon the 


Fig. 1—-Erecting Pole, all Derrick Members Mounted on Truck 


truck, and in the second, supported from the ground by one of the 
three pipe members. The derricks of this type are constructed of 
high grade steel tubing having a strength at the yield point of ap- 
proximately 70,000 pounds per square inch. 
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In order that country-wide conditions may be satisfactorily met, 
the present type of derrick has been made available in two general 
types which are known as the “middle” and “‘corner” types for use, 
as the names imply, from the rear middle or corner of the truck. 
Each of these types are further available in light and heavy weights, 
depending upon the lengths and the kinds of poles, cedar or chestnut 
or other kinds of similar weights, that are generally used in any par- 
ticular part of the country. 


As contrasted with the early type of derrick, the present types 
weigh from 370 to 520 pounds, depending upon the size used, 


Fig. 2—Erecting Pole at Distance from Truck, One Derrick Member on Ground 


and are capable of readily and safely handling any load within 
the limits of the winch rope capacity, which leaves a satisfactory 
margin when doing practically any work for which the derrick has a 
place in telephone construction. Each of the four classes of derricks 
above mentioned is designed with a view to making its operation as 
rapid as is consistent with safety. The chauffeur and one man can 
remove the derrick members from the carrying racks provided on 
the truck, assemble them and erect the derrick ready for work in 
from three to four minutes. The disassembling of the derrick re- 
quires about the same length of time. 
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Naturally, the greatest economies may be made in the applicatio or 
of this apparatus where the poles to be handled constitute a con In 
secutive line, the holes for which have been dug in advance. How : lo 
ever, because of the short time required for assembling and takin, ol 
down the derrick, it is generally economical to use it for placing only W 
one or two poles at a location. As indicative of the possibilities with W 
regard to rapidity of operation, it may be of interest to note that i: : tl 
erecting a number of 30 to 35 foot poles under average conditions in a ) \ 
line for which the holes had previously been prepared, a gang of thre¢ t 
men have averaged approximately two minutes per pole erected but i 


not tamped. 

The use of the derrick has thus far been described as applied to 
the economical erection of poles. There are, as a matter of fact, 
many other important uses for which the winch-operated, derrick 
equipped truck is well adapted, a few of which are enumerated below, 


Fig. 3—Derrick in Position to Pull Pole Out of Ground 


Road and highway changes and improvements throughout the 
country make it necessary for the telephone companies to annually 
move thousands of poles to the new highway limits or curb lines. 
In many instances these pole lines carry heavy loads of wire or cable 
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or both. With the pole derrick many of these moves can readily 


be accomplished without in any way disturbing the wire or cable 
loads. The derrick pulls the pole out of the ground and with the aid 
of the truck, the pole with its load intact is moved to the new location 
where it is lowered into the hole prepared without even untying a 
wire or loosening a cable clamp. It will also be readily appreciated 
that the rehandling of cable and particularly the untying of open 
wires is not only an expensive operation in point of first cost, but 
that each such operation is distinctly detrimental to the plant, shorten- 
ing its life and greatly increasing maintenance expenses. It will be 


Fig. 4—In Position to Shift Pole to New Location. Pole Has Been Moved Over 
Bank with Wires Intact 


seen, therefore, that the use of the derrick where practicable in con- 
nection with the moving of existing lines will largely eliminate the 
undesirable and costly procedure which is involved in the manual 
handling of the poles. 

As an example of one of the many uses to which the pole derrick 
can very satisfactorily be put, Figs. 3 and 4 illustrate the initial and 
final steps in moving back a pole in a 6-arm lead of wires and lifting 
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it up an embankment to its new location in connection with highway 
widening. This particular line is about 60 miles long and the distanc« 
the poles were moved varied between 6 and 125 feet. It is reported 
that the move of this entire lead which averaged about 4 arms was 
completed without untying a single wire, without cutting any slack 
and with practically no trouble on the circuits. It is needless to say 
that the saving involved by being able to move this line rather than 
rebuild at the new location was an item of considerable importance. 
The above illustration shows the derrick in position to pull a pole 
out of the ground, the top of the pole being temporarily side-guyed. 
In Fig. 4 the pole is shown after having been pulled out of the 
ground and placed on top of the embankment. The derrick is ready 
to shift and slide the pole back to the new hole. Two men and the 
chauffeur pulled and completed the moving of this pole with its load 
of six arms of wires in twenty-five minutes. 


Fig. 5 Derrick Operating Under Difficult Conditions 


As a further example of the usefulness of the derrick in pole work, 
Fig.”5 shows a job where the pole derrick was operated under rather 
unusual conditions to erect a pole at the side of the road where the 
pole hole was dug under water and the pole erected in barrels. It 
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would be difficult to pike a pole into such a hole because there is 
nothing against which to rest the butt while raising it. 

Another important function of the derrick is$that in connection 
with the resetting of poles or the removal of abandoned poles when it 
is necessary to remove the butts. The slow and laborious process of 
pulling the pole out of the ground with a jack or other equipment 
is practically eliminated as the derrick, properly handled, 1s capable 
of doing the greater part of this work in much less time, more economic- 
ally and with greater safety to the men. 

In addition, it might be pointed out that the derrick equipped 
truck is also becoming more and more indispensable in connection 
with the handling or moving of any heavy loads in the storage yards, 
in unloading or in moving stock supplies of poles under adverse con- 
ditions and many other uses. 


Fig. 6—Erecting Pole by Manual Methods. Contrast with Previous Operations 


In contrast with the mechanical methods of erecting and handling 
poles as previously shown, Fig. 6 shows the old manual method of 
erecting a large pole. Not only is the number of men required large, 
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but the observance of most rigid precautions does not entirely pri vith 
clude the possibility of hazard to the men when handling the heavic a 
poles. Further, the pole locations are not always such that a co: \ 
siderable number of men with pikes can properly distribute then thet 
selves about the pole so as to complete the raising and lowering oper 
ations in a reasonably safe and efficient manner. 


EARTH BORING MACHINES 


One of the slowest and most difficult physical tasks connecte: 
with outside construction work is that of digging pole holes. It is 
estimated that upwards of 1,000,000 holes must be dug annually t: 
accommodate the poles erected in new locations, and those replaced, 
moved and reset in the Bell System. Under soil conditions reason- 
ably free from obstructions a man can generally average about three 
holes per day with perhaps five to six as a maximum under ideal soil 
conditions, while in more difficult digging one or possibly two holes 
may represent a good average day's work. It probably requires 
somewhere in the neighborhood of 3,500,000 man-hours per year 
simply to dig pole holes. 

For a number of years the availability of a practical pole hole 
digger has been the objective of telephone linemen. Development 
work has progressed rapidly during recent years and the high point 
of perfection which has been reached in automobile truck design and 
performance has greatly simplified the adaptation and increased the 
practicability of the boring apparatus. It is of interest to note in 
this connection that the solution of the problem comes at a time when 
there is a pronounced shortage of common labor. 

The construction in 1914 of that portion of the transcontinental line 
extending across Nevada, marks the first really economical application 
of a machine to bore pole holes. In about 1917 the need for labor 
relief led to renewed activity in connection with adapting the funda- 
mental principles of the original boring apparatus to machines suffi- 
ciently flexible to meet the general and rather exacting requirements 
of telephone work. 


Fig. 7 shows one of the latest developments in earth boring ma- 
chines, which is cleancut and rugged. This machine is mounted 
upon a 4-wheel drive truck and is otherwise specially equipped which 
enables it to reach practically any location where it is necessary to 
bore holes for the erection of poles. As a matter of fact it has been 
demonstrated that these machines are able to reach approximately 
95° of the pole locations. Further, the machine being equipped 
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with a pole raising derrick makes possible the digging of the hole and 
he erecting of the pole with but one setting of the truck. 

With the boring machine from 30 to 80 poles per day can be set in 
their holes by a force of three men. This, of course, does not include 
straightening the poles and backfilling the holes. To do this amount 
of work with manual labor only would ordinarily require from 15 to 50 
men. It is of particular interest to note that the more difficult: the 
digging, exclusive of rock, of course, the greater the saving by using 


Fig. 7—Boring Hole for ‘‘H" Fixture 


the machine.” It might be mentioned that one of the most important 
features of the boring machine is its ability to bore holes through 
frost thus enabling a more uniform apportionment of pole work over 
the entire year. This feature is also of. particular value in connection 
with the restoration of service subsequent to sleet storm breaks in 
winter at which time hand digging is in many cases a_ practical 
impossibility. 

Fig. 8 illustrates the ability of this 4-wheel drive outfit to negotiate 
difficult ground conditions. In this instance one rear wheel has 
dropped into a hole while traveling over a plowed field covered with 
snow. It required only a few minutes to lift the wheel by moving 
the turn table so that the auger was just behind the buried wheel, 
then raising that corner of the truck by forcing down the auger with 
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power from the engine, sliding a skid board under the wheel thu 


raised, lowering the wheel to this board and driving away. 


Fig. 8—Machine Extricating Itself from Hole 


CABLE REEL TRAILERS 


To meet the need for a device suitable for trailing a single reel ot 
cable and also for use as a reel “set-up”? preparatory to a “pull” of 
either underground or aerial cable, a type of cable reel trailer has 
been developed as illustrated in Figs. 9 and 10. 

A number of trailers of this type have been in service for some 
length of time and their use has brought out many advantages, some 
of the more important of which are: 


A reel of cable can be loaded on and unloaded from the trailer 
in less time and with less effort than when a reel is carried in the 
body of the truck. In this connection, it might be pointed out 
that an important safety feature is involved in that the hazards 
to the men in loading and unloading heavy reels of cable by the 
old method are practically eliminatel. Of course, even where 
reels of cable are carried in the truck the use of the winch and 
spindle as previously discussed in the January issue eliminates 
the hazard that was present in the old method of loading and 
unloading, involving the use of skids. 


? 


Fig. 9—Truck Being Used to Load Reel of Cable on Trailer 


* on Trailer 


Fig. 10—Cable Being Pulled into Rings from Reel ‘‘Set-up’ 
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Fewer men are required for loading, unloading and “‘setting-up.’ 
For example, two men with a chauffeur and truck (not neces- 
sarily equipped with a winch) can satisfactorily handle a 3-ton 
reel of cable with the trailer, where ground conditions are such 
that they can maneuver the reel on the ground. 

Where a single reel of cable is to be used for one “pull” or for 
a number of short “pulls,” the trailer is used to haul the reel to 
the job and to “set up” the reel for each “pull.” The reel may 
be trailed, in addition to carrying materials, tools, etc., in the 
body of the truck, thus making it unnecessary to unload or dis- 
arrange the equipment regularly carried on the truck. 

When delivering a number of reels, one reel may be trailed 
in addition to carrying one or more on the body of the truck, 
thus materially increasing the hauling capacity of the truck, 
with a proportionate reduction in delivery costs. 

As the photographs indicate, these trailers are equipped with 
springs and rubber tires which afford material protection to the 
cable while in transit. 


PoLE TRAILERS 


For the transportation of poles under ordinary conditions, the 
use of a two-wheel trailer with the poles balanced on the trailer and 
towed behind the truck is ordinarily the most satisfactory method. 
Fig. 11 shows such a trailer loaded and ready for action. 
This method has the advantage that the trailer loaded with poles 
can be readily detached from the truck and left at any desired loca- 
tion, thus releasing the truck for other work. Also, in case of the 
load being stuck on a hill or in the mud, the trailer can be readily 
detached while the truck runs forward and from the top of the hill 
or from firm ground, pulls the trailer load of poles by means of the 
winch line. 

Limiting the weight to conform with requirements of state laws 
materially limits the size of the load in hauling chestnut and creosoted 
pine poles. However, in the case of cedar poles, the bulk of the load 
rather than its weight is ordinarily the limiting factor. 

To meet these different conditions, three sizes of pole trailers have 
been designed, a heavy duty trailer rated at about 8 tons with ample 
overload capacity, a medium duty trailer rated at 5 tons, and a light 
duty trailer of 2!4 ton capacity for use in districts where it is desir- 
able to maintain a standard tread between the wheels rather than to 
use the narrow tread dinkeys for the lighter pole loads. 
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Fig. 11—Balanced Load of Chestnut Poles on Trailer 


Bitock GANG TRAILER 


Fig. 12 illustrates a type of trailer which has been developed recently 


for the use of gangs doing interior block construction work. In a 


Fig. 12—Trailer Equipped with Special Body for Interior Block Construction Work 
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case of this kind, the gang is ordinarily located on a job from one- 
half day to three or four days, and since the power equipment on a 
truck would be of no value in connection with placing a cable on the 
rear walls of buildings, for instance, it is more economical to serve 
this gang by means of a trailer. 

This light type of trailer contains sufficient space for carrying all 
the necessary miscellaneous tools and materials required in connec- 
tion with block work and the compartments into which it is divided 
are such that these articles can be arranged in an orderly and readily 
accessible manner, thus making for increased efficiency in executing 
the work. 

CONCRETE MIXERS 


In connection with the construction of underground conduit and 
particularly in the work of building concrete manholes, which are 
now being employed to a rather large extent, it is essential that con- 
crete mixers be available which will be especially adapted to telephone 
work. Some of the requirements of this service are that the outfit 
be of light weight, compact, embody maximum portability, and be 
reliable in operation. The failure of a mixer on a telephone job may 
seriously handicap the operations of a large gang of men. 

Fig. 13 shows a commercial type of mixer which has been modified 


Fig. 13—Concrete Mixer Adapted to Meet Telephone Construction Requirement 
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in several respects to meet the particular requirements of telephone 
construction work. 

Units of this type which are now in service are operating very 
satisfactorily, both from the viewpoint of reliability and adaptability 
to the work. This outfit will mix as much concerte as ten men and 
will do it much better. 


Fig. 14—Pouring Concrete Manhole. Note 4-way Chute for Distribution 


Fig. 14 shows one of the batch mixers in service pouring a concrete 
manhole, the concrete being uniformly distributed to all sides of the 
structure by means of a four-way chute. In connection with the 
broadening use of concrete manholes it might be mentioned that the 
availability of improved compressed air tools has greatly simplified 
and cheapened the making of any changes that may be required 
subsequent to the initial construction of the manholes. 

In order to provide a concrete mixer unit having maximum port- 
ability and having proper capacity and operating features for tele- 
phone work, we have cooperated with the manufacturer in the devel- 
opment of such.a unit which is shown in Fig. 15. This consists of a 
batch mixer permanently mounted upon a Ford 1-ton truck chassis 
and operated through a suitable power take-off from the Ford engine. 
This unit loads from the ground by means of a power loader and dis- 
tributes the concrete from the opposite side of the drum through a 
long swinging adjustable chute (not shown). A small trailer if desired 
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can be used behind the Ford truck to transport the supplies and tools 
necessary in connection with isolated jobs. 


TRENCHING MACHINES 


Where it is necessary to do a considerable amount of trenc hing for 
underground conduit in outlying districts, it is sometimes possible to 
utilize a trenching machine with marked economy. In fact under 
normal conditions a machine of this kind will dig trench about as fast 
as a gang of 50 men. 

The machine shown in Fig. 16 is a recent development which has 
advantages over the older type units in that the size and weight are 
such as to admit of its being transported from point to point on a 
heavy truck or trailer. 


PUMPs 


In handling the water from excavations and also from manholes 
where splicers are working, the diaphragm pump illustrated in Fig. 17 


is giving a good account of itself, particularly because of certain 


features incorporated in the design which especially adapt it to tele- 
phone conditions. 


17—Enclosed Discharge Diaphragm Pump. Capacity One Barrel per Minute 
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This little unit will pump water at the rate of over one barrel per 
minute and discharge it through a hose away from the job to any 
location desired. It will operate all day with practically no atten- 
tion, upon a gallon or two of gasoline. When pumping under ordinary 
conditions it will handle water faster than 12 men with hand pumps. 

One very desirable feature of the diaphragm pump is that it is 
self-priming. For instance, if splicers are working in a manhole the 
pump can be started and the initial volume of water removed, then 
as seepage water enters the manhole it will be immediately taken 
up and discharged without any attention from the splicers or helpers. 


Fig. 18—Light Weight Centrifugal Pump. Capacity Seven Barrels per Minute 


For handling larger volumes of water there has just been developed, 
as the result of careful study and cooperation with the manufacturer, 
a new type of centrifugal pump shown in Fig. 18. This unit consists 
of an air cooled engine similar to that used in the concrete mixers. 
On the end of the engine shaft is mounted the centrifugal pump im- 
peller. The pump casting also forms a base for the engine. 

As an indication of the capacity of this pump it might be of interest 
to note that it would not be possible to get enough men with hand 
pumps around a manhole to handle water as fast as this unit. It will 
pump seven barrels of water per minute and mounted on skids as 
shown it weighs only about 500 pounds. 

In the case of trucks which do a considerable amount of under- 
ground cable placing in districts where water must be removed from 
manholes in advance of the cable placing operation, centrifugal 
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pump equipment mounted on the truck is desirable. As soon as the 
gang arrives at a wet manhole, the pump if promptly applied will 
remove the water in the few minutes during which preparations are 
being made for placing the cable, so that ordinarily the gang is not 
delayed in the least by the water. 


Fig. 19—Centrifugal Pump Mounted on Underground Cable Placing Truck 


There are several points in favor of locating the pump on the run- 
ning board as shown in Fig. 19 rather than in the body at the rear of 
the cab as has been the usual practice in the past. With the running 
board installation the water is not carried up into the truck body 
where it has a tendency to get into the tool and material boxes and 
equipment and also to cause deterioration of the body. In addition 
space is economized and the pump is located considerably lower than 
would otherwise be the case, thus resulting in a reduction of the 
suction lift for the water between its level in the manhole and the 
pump impeller. 


AIR COMPRESSORS AND COMPRESSED AIR TOOLS 


Of the many applications for mechanical equipment to offset the 
scarcity and high cost of certain types of labor such as for excavating, 
etc., the use of air compressors and compressed air tools is of prime 
importance in the outside plant construction work. Through special 
adaptations to meet each peculiar condition, this class of labor saving 
equipment has been made available for use on such jobs as the opening 
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of all kinds of street pavements preparatory to laving underground ! 
conduit, cutting frozen ground, loosening the earth in excavating | Ol 
instead of using picks, drilling rock preparatory to blasting for under- giv 
ground conduit or for pole holes, tamping back filled earth, cutting | 
iron pipe covering from cable, ete. sis 
vo 
br 
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Fig. 20-——Air Compressor Mounted on Trailer for Maximum Portability 


Fig. 20 shows a new type of portable gasoline engine driven com- 
pressor unit which is being satisfactorily used for the larger jobs ot 
opening street pavements, for rock drilling, etc. 


Fig. 21—Removing Granite Blocks and Breaking Concrete Base 
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Where trenching work involves cutting through paved streets one 
ompressor unit with three men will ordinarily accomplish as much in « 
ziven period of time as 27 men employing former methods. 

In Fig. 21 two operators are shown opening pavement which con 
jsts of granite blocks set in cement, on a concrete base. One man 
yvoes ahead and wedges the blocks loose, while the man following 
breaks the concrete base. Some pavements of this type are very 
difficult to open. When the cement filling is of good quality. the 
granite blocks often break before the cement loosens. 


Fig. 22 shows an operator cutting asphalt pavement. With the 
wedge-shaped blade cutting at intervals as shown, small cracks are 
opened between the holes so that when cross cuts are made square 
blocks of asphalt can be readily lifted out. 

The above illustrations contrast rather strikingly with the old 
methods of cutting pavements by means of sledges and bars as shown 
in Figs. 23 and 24. 

In the use of the old manual method of cutting with sledges and bars 
there is always present a certain degree of hazard to the men. There 
is the possibility of the striker missing the steel and striking the 
holder’s wrist, also the danger to the men’s eyes from flying steel 
chips. These safety points, of course, are outside the labor saving 
considerations. 
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Fig. 


Manual Method of Breaking Concrete. 


Contrast with Fig. 21 


Fig. 24——Manual Method of Cutting Asphalt. 


Contrast with Fig. 22 


74 | F 
2 | 
wh 
wa 
an 
th 
Aj 
— 
~ 
\ 
| 
: 


USE OF LABOR-SAVING APPARATUS 


While the labor saving is large in connection with opening street 
pavements, it is even greater in the work of drilling rock for blasting, 
where two men and a compressor can ordinarily do as much work 
in a given length of time as 35 to 40 men using hand methods. 

In Fig. 25 is shown another interesting and efficient application of 
compressed air tools. Compressed air spades are being used to an 
increasing extent for loosening hard earth instead of doing this work 
by the usual pick method. A tool of this kind requires very little air 
and while this particular application is rather new, it is felt that fur- 
ther study may result in an appreciable saving over hand pick methods. 


Fig. 25—Pneumatic Spade Replacing Hand Pick Method of Loosening Hard Soil 


Compressed air can also be used to advantage in tamping back filled 
earth. Under certain conditions, however, it mow seems that a 
suitable mechanically operated tamper will probably show greater 
economy on all except jobs in congested areas where the underground 
pipe interference is serious or where the trench or opening extends 
in a diagonal direction, thus often precluding the use of a rigid me- 
chanical device. 


The utilization of the portable air compressor is a comparatively 
recent development undertaken by the telephone companies in co- 
operation with one of the large air compressor manufacturers. 
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While the large capacity units have reached the stage where the 
give satisfactory operation, there is a field in the telephone busines: 
for a much more compact, lighter weight unit of lower capacity and 
cost, for such work as the opening of trench for subsidiaries, cutting 
frost, drilling rock for pole hole blasting, ete. With this in mind 
there has recently been developed in cooperation with an air com- 
pressor manufacturer, a type of compressor which is suitable for 
operating either one jack hammer for rock drilling or one tool for 
street opening with a corresponding capacity for other types of com- 
pressed air work. It is expected that the weight of this unit can 
through further study be reduced to such an extend that it will be 
practicable to mount it upon a kord one-ton truck and still leave 
sufficient carrying capacity to handle the necessary guns, steels and 
hose for operating. Where there will be practically constant use for 
this lighter unit it may be desirable to mount it permanently upon the 
truck, while, in cases where the use will be intermittent, a very economi- 
cal and convenient mounting can be made upon one of the Army type 
trailers. 


CONCLUSION 


In this article an endeavor has been made to cover in a very brief 
way some of the more important items of mechanical application 
which have a place in telephone construction work. The adaptation 
of mechanically operated tools and other devices to assist in the neces- 
sary manual operations will undoubtedly continue to occupy an im- 
portant place in the work. Further study and development should 
result in many improvements in the present-day way of doing things 
which will make not only for marked economies of operation, but for 
greatly increased features of safety to the men engaged in constructing 
and maintaining the telephone plant. 


a 
( 

¢ 


A Method of Graphical Analysis 


By HELENE C. BATEMAN 


INTRODUCTION 


N connection with many telephone problems of an economic 

character, it is necessary to develop methods for making estimates 
and forecasts of the effects of changes in conditions. When the changes 
in conditions are such that direct experimentation is impracticable 
the development of logical methods and bases for estimates involves 
analyses of past experience in specific situations and, in so far as is 
feasible, the generalization of such experience. [It is the purpose ot 
this paper to describe briefly a graphical method by which complex 
economic data may be generalized for use in forecasting probable 
future conditions. 

In some problems, it is necessary to determine the effects of changes 
in a specific situation, the results being applicable particularly to tne 
given situation, and only very generally to other situations. The 
effect of a change in population upon station growth in a given ex- 
change is an example of such a problem. In other problems, it is 
practicable to generalize experience so that the results of analyses 
may be applied, under proper conditions and limitations, to various 
specific situations. Moreover, it is often necessary to apply a general 
conclusion to a specific situation because no specific experience is 
available. An example of this type of analysis is the generalization 
of results of various rate treatments in different exchanges. In meet- 
ing this type of problem graphical methods are utilized to compare 
experience of a similar nature in various situations. The factors 
which may be indices of differences in conditions among various 
situations are studied to determine their relation to the differences 
encountered. Finally an attempt is made to derive quantitative re- 
lationships from the experience analyzed. 

The assumption made in utilizing such methods, is that the experience 
in different situations, from which generalizations are to be made, is 
essentially similar in certain respects, and that the variation in the 
quantitative unit to be estimated is due to varying conditions, as 
between the different situations, which may be measured in part 
by quantitative factors. There are, of course, certain types of prob- 
lems where essential similarity between different situations does not 
exist or where it is difficult, if not impossible, to isolate quantitative 
factors sufficiently reliable to form a basis for estimates. On the 
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other hand, there are many problems to which these methods ma 
properly be applied and in which it is practically impossible to deri, 
a reliable and satisfactory basis for making estimates without som 
such methods of analysis. Certain economic problems, in particular 
because of the impracticability of experimentation and because th: 
complex reactions of a group of individuals are involved, are no: 
adapted to solution by the statistical methods which have prove: 
useful in biometric sciences, but may be dealt with by graphica! 
methods. This has been found particularly true in problems in- 
volving local telephone message use, and throughout the following 
discussion, illustrations are drawn from analyses of this type. 


DATA 


Since the ultimate aim of a graphical analysis of this type is to 
provide a basis for making estimates, the first step is to determine 
the estimates which will be required and the type of cases and condi 
tions under which they will be used. In this way the aim and scope 
of the analysis is clearly defined. The unknown factor (the dependent 
variable) is to be estimated from certain known factors (independent 
variables). Various factors, quantitative and qualitative, which 
might logically appear to be indices of conditions controlling the 
dependent variable are, therefore, considered.!| Only factors as to 
which data are available at the time and place where estimates are to 
be made are useful as independent variables. It is usually advisable 
to test a suggested factor by means of any data, even in small amounts, 
which may be available before a complete body of data is collected. 
Such preliminary investigations are useful in indicating the scope and 
detail in which data should be secured. In general the data should: 


1. Be adequately representative of the type of cases for which 
estimates must be made, 

2. Be adequate from a sampling standpoint for each situation, 

3. Be as nearly homogeneous as practicable, 1.e., cases having any 
outstanding peculiarities should be excluded,? 

4. Include what appear to be the important factors or indices for 

each case. 

1 It should be noted that such relationships need not be those of cause and effect. 

If two factors vary together (as do, for instance, different effects of a common cause) 


the values of the one which are hard to determine can be estimated from the more 
easily measured values of the other. 


? For instance, if estimates are to be made for small exchanges, it would not be 
advisable to include data from large exchanges in the analysis. 
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PRELIMINARY ANALYSIS 


After the data have been collected and summarized in accordance 
with the general plan of the study, the graphical phase of the analysis 
begins with trial setups in which the dependent variable is plotted 
against each of the independent variables in turn. Such charts are 


intended only to give a general idea of the types of relationships and to 


determine which of the factors tested are most closely related to the 


dependent variable. Factors which do not vary with the dependent 


variable are not necessarily to be discarded permanently since the 


effect of one factor may obscure that of another. It is not to be ex- 
pected that the data plotted on any of these charts will fall along 
smooth curves. They will probably be widely scattered but in the 


case of the more important factors a general trend is usually evident. 


On the next series of trial charts, several of the more important 


factors are considered simultaneously. If a qualitative factor is 


under consideration, separate charts are plotted for the different 


classes. If these charts are essentially similar, the qualitative factor 


may be disregarded for the time being and the data considered as a 


whole. If, however, the qualitative factor appears to influence the 


relationships in a logical manner the data must be sub-divided 


and a number of practically independent studies carried on. In fact, 


the analysis of the effect of a qualitative factor is intended to 


determine whether or not the data forms an essentially homogeneous 


whole. If there is a discontinous variable, it is often convenient to 
hold it constant, 1.e., a separate chart may be plotted for each value 
or group of values of this factor. The factor, which from the pre- 


liminary charts, seems most important is usually plotted against 


the dependent variable. One or two other factors are coded. The 


codes may be either in colors or symbols or both. The color codes are 


usually the more easily distinguished and are, therefore, the better 


for working charts. For final charts, however, color codes are not 


usually practicable because of the difhiculties of reproduction. Both 


colors and symbols may be used when two coded factors are to be 


tested simultaneously. 
In these preliminary sets of charts, it is well to test as many differ- 


ent factors and combinations of factors as appear logically to 


vary with the dependent variable. It is usually best, however, to 


consider not more than three or four independent variables at a time, 
one plotted against the dependent variable with one or possibly two 
coded and one held constant on each chart. An attempt to hold 
constant a greater number will often sub-classify the number of data 
points so far as to obscure the real trends. Furthermore, the com- 
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plexity of charts increases rapidly with the inclusion of more variabl 
and makes the analysis and estimating complex and cumbersome. 
Fig. 1 is a typical preliminary trial chart from a study « 
average telephone message use under message rate service. Ea 
data point represents one class of service in a particular exchang: 
The independent factors taken into account are: 
1. Major Service Classifications * held constant since thi 
chart is for one class only. 
2. Rank of Service *—plotted. 
3. Message Allowance—coded. 


CODE - ALLOWANCE 
+ 40-59 
4 60-79 
a 80-99 

° 100 & OVER 


AVERAGE MONTHLY MESSAGE USE 


+ 
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| 
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20 30 40 50 60 


AVERAGE RANK OF SERVICE 


Fig. 1—Preliminary Chart Involving Three Variables 


ot 


The trend of the relationships between message allowance, rank of 
service and average message use is fairly well defined on this chart. 
’ Business Main Station, Residence Main Station, P. B. X., etc. 


‘A statistical index indicating the relative ranking of subscribers in accardance 
with their demands for service. 
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When several different sets of charts such as are described above 
have been scrutinized, definite trends will usually be fairly clearly 
established. It will often be found that while these trends are well 
defined, nevertheless a number of points may scatter widely. Such 
points are studied carefully. If, after the original data are checked, 
the points are found to be correctly plotted, each case is investigated 


in detail to account for the observed divergence. Sometimes it will 
be found due to a factor which has not been taken into account, the 
inclusion of which will often improve the results of the study as a 
whole. On the other hand, peculiar local conditions or history may 
give rise to such divergence. These cases are not really a part of the 


similar group under consideration. If they are sufficient in number 
and similar with respect to each other they may be studied inde- 
pendently. If not, they are either excluded entirely or given slight 
weight in the general study. Because of wide differences in problems 
and material, it is not practicable to describe in detail the process of 
analyzing such preliminary charts in arriving at decisions as to data 


and process. 


CuRVE DRAWING 


The next step is the construction of curves through these data 
which will truly represent the relationships involved. This can be 
facilitated by plotting the average values of the dependent variable 
for all cases having the same values (within certain limits) for all the 


independent variables. 


On Fig. 2 the data points are the same as those plotted on 
Fig. 1. The closed symbols which have been added are average 


points representing the data points of the same symbol. The 
abscissa of each average point is the mid-point of an interval of 
rank of service (0-20, 10-30, etc.) and the ordinate is the average 
of the message uses of all the points falling within that interval. 


The average most often used on such charts is the median not only 
because it is most easily located but because it is usually the most 


representative, giving little weight to extreme cases. Whatever 
average is used, it is well to make it a moving average, i.e., covering 
overlapping intervals such as 20-30, 25-35, 30-40, etc., rather than 
20-30, 30-40, 40-50, ete. 

These averages serve as a guide for drawing the preliminary curves 
through the data but the actual data points are considered at the 
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same time. In constructing the curves, the significance to be attache: 
to any data point depends chiefly on: 


1. The number of individual cases on which it is based. 


2. The probable degree of accuracy of the data. 


CODE 
DATA POINT MEDIAN ALLOWANCE 

40-59 

60-79 

: : 80-99 

. 100 & OVER 
140 | 


AVERAGE MONTHLY MESSAGE USE 


| 
| 
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0 10 20 30 40 50 60 70 


AVERAGE RANK OF SERVICE 


Fig. 2—Preliminary Chart With Averages and Curves 


Since these characteristics are considered simultaneously it is usually 
advisable to depend on judgment using the averages as a general guide, 
rather than to rely on any formal mathematical system. The first set 
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if curves is drawn to fit the data as closely as practicable and still be 
logical and consistent. 


On Fig. 2, the number of data points on which each average is 
based has been noted as an aid to judgment and a set of rough 
preliminary curves has been drawn. These, of course, are not 
necessarily the most accurate curves which could be constructed 
from these data. A method of progressing to final curves is 
described below. 


CURVE SMOOTHING 


The first set of curves constructed from the data may not be an 
entirely consistent and reasonable family. The relation between 
different curves on the same chart or between different charts indi- 
cates the influence of factors other than the one plotted and must, 
therefore, be made consistent and logical. The process of trans- 
forming the preliminary curves into the final normals is known as 
smoothing. 

The original curves are first studied for reasonableness. Their 
general shape (whether straight line, convex or concave, having maxi- 
mum or minimum points, being asymptotic to a certain line, ete.) is, 
in so far as practicable, determined on logical grounds. Hf a large 
majority of the curves, or the curves based on the greatest amount 
of data, have a certain clearly defined trend, the remainder of the 
curves are made to conform to this trend, if it is reasonable, at the 
same time keeping as closely in line with the data as possible. 

Each chart will usually have one independent variable plotted 
against the dependent variable and another independent variable 
coded. Each curve, therefore, indicates the relationship between the 
dependent variable and one independent variable for a certain con- 
stant value or range of values of a second independent variable. If 
the relative positions of the curves of a family on one chart are ad- 
justed, the relationship of the coded variable to the other two is 
altered. The effect of this alteration may be seen by plotting the 
coded variable against the dependent variable and coding the one 
which previously was plotted, all values being read from the pre- 
liminary curves. This is sometimes called cross-sectioning. The 
families of curves formed by cross-sectioning are then smoothed until 
they are reasonable and consistent. In doing this, the original 
curves are automatically departed from, and when the original 
curves are replotted from the cross-sections, it may be found that the 
resulting family of curves is not smooth, consistent or reasonable. 
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The smoothing process must, therefore, be repeated back and forth a 
number of times until both sets of curves appear to be smooth, reason- 
able and consistent families. During this process, it is important 
that the various families of curves be tested against the original data. 
If this is not done, it may happen that a series of small changes will 
accumulate in such a way as to bring portions of the curves outside 
the limits of the original data. Furthermore, the factor or factors 
held constant on each chart must not be lost sight of. These factors 
should be plotted against the dependent variable holding constant 


CODE 


——— PRELIMINARY CURVES FROM FIG.2 
-——- REVISED CURVES FOR 90 ALLOWANCE FROM FIG.3-8 
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all other factors (values being read from the smoothed curves) to see 
that these relationships also are, being made reasonable, consistent 
and smooth. 

The process of smoothing described above is a long and laborious 
one involving at every step the making of special decisions based 
upon knowledge of the data and the logic of the situation with regard 
to the particular problem. Various methods of facilitating the work 
have, however, been devised some of which are described below. 
Figs. 3A and 3B illustrate the advantage of having both sets of curves 
on the same chart with the same scale for the dependent variable so 
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that when the smoothing process is applied to one family, the effects 
on the other may be more readily ascertained. 

The curves on Fig. 3A are the rough curves which were drawn 
through the data on Fig. 2. Fig. 3B shows the cross sections of these 
curves, message allowance being plotted and rank of service coded. 
It is evident that neither set of curves is a consistent family. Most of 
the curves of Fig. 3B are irregular instead of being smooth. They 
might be smoothed considerably either by lowering the points cor- 
responding to a 70 message allowance or by raising those for an al- 
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CROSS SECTIONS FROM FIG.3-A. 
----- CROSS SECTIONS REVISED 
° DATA POINTS FOR 80-99 ALLOWANCE GROUP 


140;— T T T 7 
o 
> 120: 
| 
“oF service 60 
= eo 
2 
| 
W 
| 


MONTHLY MESSAGE ALLOWANCE 
Fig. 3B 


lowance of 90 messages. A study of Fig. 3B shows that the curves 
at 90 allowance are further apart than at any other point. This 
might be used as an argument either for raising the lower points or 
lowering the higher. In scrutinizing the data, however, it is found 
that of the classes of service having from 80 to 99 allowance all have 
allowances of either 80 or 83. Therefore, the midpoint (90 allow- 
ance) is too high to represent the group, or, conversely, the message 
use plotted is too low for an allowance of 90 messages. In order 
to have a guide in the amount of shifting necessary, data points for 
the actual message allowances of the 80-99 group have been plotted 


“ 

: 
‘ ars 

‘ 


86 BELL SYSTEM TECHNICAL JOURNAL 


on Fig. 3B, and the values formerly entered at 90 (points A, B, etc. 
entered at S115 (points a, b, ete.). With these points and those at 
100 as a guide, new values for 90 allowance have been estimated 
(points A’, B’, etc.). The shifting of a point up or down on Fig. 3B 
results in shifting the corresponding points of the other family (Fig. 
3A) the same distance in the same direction resulting in the dotted 
curve. There is much more smoothing necessary to make Figs. 3A 
and 3B satisfactory and reasonable, but by proceeding in the manner 
just described, taking into account the appearance of the curves, the 
logic of the situation and the original data, a smooth and consistent 
family of curves can finally be evolved. 

Another excellent method of smoothing involves the use of a three 
dimensional figure. Just as a plane surface gives a complete repre- 
sentation of two variables and a partial representation (by coding) 
of a third, so a three dimensional system can be used to give a com- 
plete representation of three variables, and a partial representation of 
a fourth. It also aids greatly in smoothing simultaneously. A 
device for three dimensional representations consists of a plane sur- 
face marked off with rectilinear coordinates and having at frequent 
intervals holes into which pegs can be set. The pegs also have co- 
ordinate markings. The values of two variables, then determine the 
point at which the peg is set and the value of the third determines 
a distance along the peg. The point is marked by a small rubber ring 
which fits around the peg. The values of a fourth variable may be 
coded by using rings of different colors. When the device is used for 
smoothing curves involving only three variables, the data points may 
be indicated in one color and the smoothed values in another. The 
data points, remaining constant as the smoothed curves are shifted, 
form a continuous check on the divergence of the smoothed curves 
from the data. This is an automatic process of cross-sectioning. 
When the position of a point is changed, the effects of the change on 
the various relationships are seen by studying different aspects of the 
setup. This device gives the best results with discontinuous variables 
(such as message allowances, rates, etc.) as the pegs can then be set 
in at regular intervals without resorting and regrouping the data. 
It is also especially valuable when one of the variables is a complex 
factor (such as distribution of development among more than two 
classes of service) which cannot easily be represented by one curve. 


Fig. 3C illustrates such a setup with the revised curves of 
Figs. 3A and 3B. The independent variables, message allow- 
ance and rank of service are represented by the rectilinear co- 
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ordinates of the plane surface. Message use is indicated by the 
rings on the upright pegs. 


In general, the various steps in the analysis leading up to the final ® 
or normal ® relationships require continuous exercise of judgment. 
The problem is never one of securing simply curves of “best fit’ to 
the data. It is broader, more fundamental and much more involved 


Fig. 3C 


than this. It requires a combination of logic with the data that results 
in normal relationships which fit the data and at the same time are 
reasonable. It is necessary to consider such questions as the follow- 
ing: Why do the data indicate this relationship? As a generalization, 
is such a relationship reasonable? What should be the character of 
this relationship? Should it be a straight line, concave up or con- 
cave down? Particular attention is given to the reasonableness of 
maxima or minima points and to points of inflexion when indicated 
by the data.’ It is only by considering such fundamental questions 
that a sound basis can be established for building up normal rela- 


5 Final in a relative sense. In economic studies of this type involving human 
reactions and relationships normal relationships are never final in an absolute sense. 
6 The term “normal curve” is used throughout this paper to designate a final 
curve from which estimates are to be made. A normal distribution curve in this 
sense may or may not be “‘normal”’ in the statistical sense of an evenly balanced 
bell-shaped curve. 
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tionships which will be a true generalization of experience. ‘Thi 
importance of dealing with economic problems in this way can hardly 
be over emphasized. It is a recognition of the complexities whic! 
are inherent in problems involving human reactions and the danger: 
of untrue generalization if rigorous and more or less inflexible method- 
of analysis are utilized. , 
FINAL RESULTS 

The result of the smoothing process is the development of a con- 
sistent series of charts and curves by means of which the value of the 
dependent variable may be estimated from the values of the various 
independent variables. 
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Fig. 4—Final Family of Curves 


Fig. 4 is an example of such a chart for estimating average 
message use. Charts of this type may be used under proper 
conditions for estimating either an actual value which is unknown 
(such as average message use under an existing rate schedule) or : 
the value which may be expected to result from some change . 
(such as average message use under a proposed rate schedule). 
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After deriving a series of final charts estimates are made ot the 
value of the dependent variable for all the cases on which the study 
was based. Consideration of the differences between the estimated 
ind the actual values is an excellent general criterion of the accuracy 
of the normals. In general, the positive deviations should be ap 
proximately equal to the negative both in number and in the sum ot 
their numerical values. If either positive or negative deviations are 
decidedly predominant, it is probable that the general level of the 
normal curves is too low or too high. 

When the deviations (without regard to sign) are plotted as a 
frequency curve, the curve should be fairly smooth. It need not be 
and usually is not a bell shaped curve, but if there are sudden and de- 
cided breaks, it is probable that either certain portions of the data 
have not been given proper consideration or that the data were not 
originally essentially homogeneous. The cumulative frequency curve 
based on the deviations makes possible the easy reading of the median 
or probable error of estimate. The probable error may be used as a 
general criterion of the value of future estimates made from these 
normals and the ratio of the probable error to the median value of 
the dependent variable forms a basis for comparison of the relative 
accuracy of different sets of normals. 

The deviations (sign being taken into account) when plotted against 
the various factors included in the study should be fairly evenly 
scattered and show no trend or relationship. Hf a consistently oc- 
curring variation is discovered between the deviations and any of the 
independent variables it indicates that the relationship of that variable 
to the dependent variable has not been properly taken into account 
in deriving the normals. If this variation appears in connection with 
the dependent variable, it indcates that some of the curves are not of 
proper shape. For instance, if a straight line is fitted to data having a de- 
cided non-linear trend, the errors plotted against the dependent variable 
will fall along a well defined U-shaped (or inverted U-shaped) curve. 

Additional information may also be obtained by plotting the 
deviations against factors not included in the study. Relationships 
will sometimes become apparent which previously were obscured 
by the effect of the more important factors. The influence of such 
factors may account for seemingly abnormal cases and their inclusion 
would tend to reduce the mean and to a lesser extent the median 
deviation. 

FREQUENCY DISTRIBUTIONS 


Normal curves, such as those described above, form a basis for 
estimates of an average value for a group of items comprising a unit such 
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as has been utilized in developing the study. In many instances 
however, it is necessary to know not only the average value but als: 
the distribution of items about that average. 


1 


Thus, the normal curves of the type of those shown in Fig. 4 
serve as a basis for estimating the average message use of all 
subscribers to a given class of measured service in a given city. 
Additional curves are, however, required for estimating the dis- 
tribution of subscribers by message use. 


The basic principles governing the derivation of normal curves are 
the same whether these normals be concerned with averages or with 
distributions. The detailed methods involved are, however, quite 
different because of the inherent differences in the material. An 
average can be expressed in one arithmetic term which can be plotted 
against other factors. A distribution, on the other hand, is a com- 
plex entity which may itself be expressed as a curve but which obvi- 
ously cannot be measured by an index to be plotted against other 
variables without losing sight of certain detailed characteristics of 
the distributions. The procedure and methods described above for 
deriving normal curves are modified somewhat in the derivation of 
normal distribution curves. Some of the methods which have been 
found advantageous for these analyses are described below. 

The first step in the analysis is usually to plot the actual detail and 
cumulative distributions for each group of items and to compare the 
various distributions in order to determine points of similarity or 
difference. For purposes of comparison, percentage distributions are 
used, i.e., the per cent. of total items rather than the actual number 
occurring in each interval is plotted. With homogeneous material it 
will usually be found that when plotted to the same scales the detail 
frequency curves are all of the same general shape but differ in three 
primary characteristics. 


1. The spread or extent of variation. 

2. The location of the peak or point of maximum frequency. 

3. The concentration of items in the peak interval. 
These characteristics are, however, interrelated and to a certain extent 
related to the average.’ Other things being equal, it might be ex- 
pected that: 

1. The greater the average the greater the spread. 

2. The greater the spread the less the concentration at the peak. 

3. The higher the peak the nearer it will fall to the average. 


7 Throughout this section the term “‘average”’ is used in the sense of arithmetic mean. 
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Since the average is of much importance in determining frequency 

urves, it will usually be found that differences will be reduced if the 

‘urves are plotted with each interval of the horizontal scale as a per 
ent. of the average instead of an actual value. For example: 
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Fig. 5—Sample Distributions of Subscribers by Absolute Message Uses 


Fig. 5 illustrates distributions of subscribers by message use 
plotted in terms of actual values for different classes of message 
rate service. On each chart the average message use is indicated. 
It will be noted that, in general, the greater the average message 
use, the greater the spread of the curves, the less the concentration 
at the peak interval and the less marked the correspondence of 
the peak with the average value. On Fig. 6 the frequency curves 
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have been replotted using instead of each actual message u 
interval the per cent. that the message use is to average messa ¢ 
use. The result of this statistical process is to make the spre: | 
of the curves and the height of the peaks much more near! 
uniform. 
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Fig. 6—Sample Distributions of Subscribers by Message Uses in Per Cent. of Average 


In some instances, the frequency curves plotted with each interval 
expressed as per cent. of the average may be so similar for the different 
groups that satisfactory normals may be derived from this setup alone 
without including any other factor. This appears to be the case for 
the distribution of P. B. X. subscribers by message use as illustrated 
on Fig. 6. It is necessary, however, to test whether or not the full 
effect of the average on the distribution has been eliminated. This 
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iy be done on a detail basis by plotting a series of charts showing 
ie relation between the absolute amount of the average and the per 

nt. of cases falling within a given message use interval (expressed as 
ner cent. of the average). On a cumulative basis the per cent. of 
ases falling below a given per cent. of the average is plotted against 
the average. For example: 
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Fig. 7—Preliminary Chart of Cumulative Series 


Fig. 7 shows the relationship between average message use and 
the per cent. of subscribers using less than 100 per cent. of the 
average message use for a given service classification. Each 
plotted point represents the reading from the cumulative curve for 
a different exchange. It is evident that the two factors vary 
together. 


Curves similar in type to that shown in Fig. 7 are constructed on 
each of the charts of the detail and cumulative series. The curves 
of each series are smoothed by cross-sectioning and developed into 
consistent and reasonable families. 

In connection with the smoothing of the cumulative series a method 
described below has been found useful. This method can be used 
with any setup of three variables but is simplest in setups of a cumula- 
tive type which have no maxima or minima within the limits of the 
curves. To simplify the explanation of the method the cumulative 
distribution of certain subscribers by message use is referred to as an 
example. 

Fig. 8 shows ‘preliminary curves representing the relationship 
between average message use and the per cent. of subscribers using 
less than the various per cents. of the average message use from 10 
per cent. to 500 per cent. of the average. These curves are derived 
from a series of charts similar to Fig. 7 for different message uses. 
Cross sections of the family of curves of Fig. 8 give a series of cumu- 
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lative curves. The successive curves of this cumulative series hay - 
been plotted in Fig. 9 at regular intervals apart, the intervals bein 
the same distance as the average monthly message use scale of Fig. 
The horizontal scale of Fig. 9 used in plotting these cumulative di 
tributions must therefore be movable so as to apply in turn to eac 
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Fig. 8—Preliminary Family of Cumulative Curves 


of the cumulative curves. With the cumulative curves plotted, 
the family of curves on Fig. 8 have been drawn in on Fig. 9, the curves 
representing the various message uses being exactly the same as 
those of Fig. 8 except that the method of drawing the cumulative 
curves has automatically shifted successive curves of Fig. 8 further 
and further to the right. It follows from the methods which have 
been used in constructing Fig. 9 that any given cumulative curve 
must intersect each curve of the other family somewhere on the 
vertical line corresponding to the message use (expressed as per 
cent. of the average message use) represented by that curve. For 
instance, the cumulative curve for 1000 average message use (indi- 
cated by A) must intersect the curve representing 30 per cent. of 
the average message use on the vertical line corresponding to a co- 
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dinate of 30 on the horizontal movable scale when the zero point 
the horizontal movable scale falls at 1000 average message use on 


‘he fixed horizontal scale. The point of intersection described in this 
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lustration is indicated on Fig. 9 by P. This characteristic (inter- 
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Fig. 9—Simultaneous Smoothing 


sections falling on given vertical lines) forms the basis for smoothing 


the two families of curves simultaneously. A point of intersection 
may be shifted vertically but cannot be shifted horizontally since it 
must fall somewhere on a definite vertical line. Dashed lines (- - - -) 
on Fig. 9 indicate the manner in which a few of the points have been 
shifted in smoothing. 

A family of cumulative curves may appear easier to smooth than 
the corresponding family of detail curves. On the other hand, the 
detail curves give, in some respects, a more vivid picture of the out- 
standing characteristics of the distributions than do the cumulative, 
and certain important characteristics of the distributions may be more 
easily studied on a detail basis. 

It is important, therefore, that both series be taken into account 
in deriving final normal distribution curves. For the detail series, 
charts are plotted showing the relationship between the amount of 


4 
7 | 
50 
40 
| 
410 
r 
> 
- 
: 
As 
| 
{ 
; 
5 


% BELL SYSTEM TECHNICAL JOURNAL 


the average and the per cent. of cases falling in a particular interv: 
(expressed as per cent. of the average). Fig. 10 is such a chart fi 
the interval 80-90 per cent. of the average message use. 
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Fig. 10—Preliminary Chart of Detail Series 
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Fig. 11-—Preliminary Family of Detail Curves 


Cross-sections of a family of curves such as those on Fig. 11 
give a series of detail frequency curves. Further smoothing may be 
facilitated by a study of these curves. As an aid in this process of 
smoothing it is desirable to determine the normal location of the 
peaks and the normal proportion of cases occurring in the peak in- 
terval, as these are important characteristics of such curves. These 
normal values may be determined by plotting these factors against 
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the average as shown on Figs. 12 and 13. For this data, it is noted 
that, on an absolute message use interval basis, the greater the AVeETARE 
the greater the abscissa of the peak value. However, with an increase 
in the average, the abscissa of the peak interval on an absolute basis 
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Fig. 13—-Determination of Normal Heights of Peaks 


does not increase as rapidly as does the average, because large users 
increase their usage relatively more than small users. Therefore, 
when the intervals are plotted in terms of per cent. of the average, 
it will be found that the greater the average the less the abscissa of 
the peak. For the same reasons, the peak interval expressed as per 
cent. of the average becomes relatively wider as the average increases, 
and the height of the peak increases as illustrated on Fig. 15. With 
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the location and height of the peaks normally determined, the proces 
of constructing preliminary curves for the various intervals of the 
detail series is, in many cases, considerably simplified. These pre- 
liminary curves are then cross-sectioned and smoothed into a consistent 
family. 

Finally the smooth curves of the cumulative and detail series are 
checked with each other and averages are computed from these curves 
as a check against the assumed average. When the minor discrep- 
ancies disclosed by these checks have been corrected, normal curves 
are plotted and comparisons are made with the actual distributions. 
Further adjustments may then be necessary. 


ADDITIONAL FACTORS IN DERIVING NORMAL 
DISTRIBUTION CURVES 


The smoothing processes described above give a series of normal ° 
distribution curves taking into account completely the effect of the 
amount of the average upon the distribution. In some cases, how- 
ever, it will be found that some outside factor has also a decided 
effect upon the distribution. 

When the effect of an outside factor is apparent it may be neces- 
sary to derive a series of normal distribution curves, each curve cor- 
responding to a constant value of the factor under consideration. 
If this is done, the curves are smoothed by cross-sectioning and the 
various other methods described above so as to form a consistent and 
reasonable family. The type of the final family derived will, how- 
ever, depend largely upon the character of the relationships developed 
during the smoothing process. For instance, in the case of main 
station message rate service, a series of distribution curves was plotted, 
one for each message allowance. In the course of smoothing these 
curves it seemed reasonable that there might be a relationship between 
the type of distribution and the proportional relationship of average 
message use to message allowance. That is, with an annual message 
allowance of 600 and an average annual message use of 400 the dis- 
tribution of subscribers by amount of message use might be similar, 
on a proportional basis, to the distribution of subscribers under an 
annual message allowance of 900 with an average annual message 
use of 600; or under an annual message allowance of 1,200 with an 
average annual message use of 800. This idea was tested by use of 
the various sets of normals which had been derived for the different 
message allowances and was found to hold so closely that this pro- 
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portion factor (ratio of the average message use to the message al- 
lowance) might be used in deriving a revised setup of normal dis- 
tribution curves. 

In certain cases it may be found that some expedient such as that 
described above may be used to eliminate or take account of the effect 
of an outside factor. Whether this is done or a separate set of curves 
is derived for different values of that factor, the process of deriving 
the detail and cumulative distribution curves would in general be the 
same as that described above. 

Some of the processes involved in studying averages and distri- 
butions of subscribers by message use have been described because 
they are typical and illustrate what have been found to be satis- 
factory methods of analysis for problems of this type. It is clearly 
impossible, however, to set up any rigid methods for such studies. 
Any economic problem which permits of analysis by these methods 
must be treated in the manner best suited to the data available, the 
purposes of the study, the degrees of accuracy necessary, etc. Where 
these methods can logically be employed the results obtained, an im- 
portant part of which are the background and sidelights, on the 
problem, disclosed during the process of building up the normal 
relationships, will generally be found superior to those obtained 
through the use of more rigorous methods. 


APPLICATION 


Before final results are obtained, there will naturally be developed 
by those concerned in the study a very definite conception of the field 
of their usefulness and their limitations. It is important that a 
knowledge of these limitations be extended to those who may have 
occasion to use the results. Given a set of smooth curves from which 
quantitative estimates can be made, there is a great temptation to 
make estimates under any and all circumstances, and often to give 
such estimates an undue appearance of accuracy. The final results 
are merely the general expression of the information contained in the 
original data logically developed according to the knowledge and 
judgment of the investigator. It is always necessary in applying 
such results to consider the effect of special and local conditions. 
Where it is known that actual conditions in a specific case are far 
from normal, it is often possible to estimate the effect of a proposed 
change by applying differences based on the normal experience. 

Care must also be taken in extrapolation estimates, i.e., estimates 
where the value of one or more factors lies beyond the limits of the 
original data. Such estimates, of course, are always subject to con- 
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siderable error. In other cases it may happen that some part of th 
data necessary for making a complete estimate is not available. [1 
may be practicable, however, to approximate the required informa 
tion and make a rough estimate which may be more accurate than the 
alternative of basing the estimate upon less complete analysis. 

In applying the results of such analyses, satisfactory conclusions 
can be reached only if due consideration is given to the following 


points: 


1. The quantitative readings from the normal curves. 

2. All the qualitative relationships developed in the course of the 
analysis. 

3. Any additional data available for the particular case or cases in 
question. 

$. Any peculiar special conditions known to exist for that case or 
which probably exist because of comparison with similar cases. 


5. Changes affecting general levels since the date of the study. 


It follows that the making of such estimates cannot be left in inex- 
perienced hands any more than can the progress of the original study. 
Good judgment and a complete knowledge of the problem are of 
paramount importance both in making the general analysis and in 
the application of results to specific problems. 


To those accustomed to working in the more exact fields of physics, 
chemistry, ete., it will undoubtedly appear that the methods de- 
scribed above may be inexact and unsatisfactory. Undoubtedly, the 
average errors of estimate are considerably greater than would be 
allowed in fields where more exact data are obtainable. Yet the 
reason for this lies rather in the material itself than in the methods of 
dealing with it. An economic quantity is extremely complex and 
difficult to estimate because it is usually dependent upon the action 
of hundreds or thousands of individuals each one of whom is  in- 
Huenced by individual needs and desires which at best can only be 
partially measured by such quantitative factors as reflect variations 
in these needs or desires. Estimates of such quantities are neces- 
sarily subject to a relatively high degree of error if comparisons are 
made with the fields of physical science. Yet such estimates must be 
made and the problem is to make them as accurately as practicable. 
Judged from this standpoint, experience indicates that such analyses 
are an important aid in connection with certain phases of many 
economic problems. 


4 
q 
eae 
ays 
4 
q 
é 
; 


Permalloy, A New Magnetic Material of 
Very High Permeability 
By H. D. ARNOLD and G. W. ELMEN 


Synopsis: The magnetic alloy described in this paper is a composition 
of about 78.5¢% nickel and 21.5% iron and at magnetizing fields in the 
neighborhood of .C+ gauss and with proper treatment has a permeability 
running as high as 90,000. This is about 200 times as great as the permea 
bility of the best iron for these low magnetizing fields. This high permeabil 
itv is attendant upon proper heat treatment and also upon other factors 
among which ts freedom from elastic strain. The presence of other elements 
than iron or nickel and specially carbon, reduces the permeability, but 
slight variations in heat treatment produce large changes compared with 
those due to small quantities of impurities 

So far as discovered, other physical properties show no peculiarities at 
the composition which brings out the remarkable magnetic properties ot 
permalloy. The equilibrium diagram, electric conductivity, crystal stru 
ture, mean spacing between adjacent atom centers and density are among 
the physical properties which have been studied. 

To the engineer in electrical communication the development of pern 
alloy is very significant. It assures a revolutionary change in submarine 


cable construction and operation and promises equally important advances 


in other fields. —/ditor. 


S' IME time ago it was discovered in the Bell System laboratory! 
that certain nickel-iron alloys, when properly heat-treated, 
possess remarkable magnetic properties. These properties are devel- 
oped in alloys which contain more than 30 per cent of nickel and 
which have the face-centered cubic arrangement characteristic otf 
nickel crystals, rather than the body-centered structure characteristic 
of iron. The entire range above 30 per cent nickel exhibits these 
properties to some degree and offers new possibilities to those inter- 
ested in magnetic materials. The most startling results, however, 
are obtained with alloys of approximately 80 per cent nickel and 20 
per cent iron, whose permeabilities at small field strengths are many 
times greater than any hitherto known. To alloys of this approximate 
composition we have given the name ‘“‘permalloy”’. The development 
of permalloy has assured us a revolutionary change in submarine 
cable construction and operation, and promises equally important 
advances in other fields of usefulness. It also presents questions of 
great interest to the scientist, and emphasizes again the meagreness 
of our fundamental information about ferromagnetism. The present 
paper is intended to give a general discussion of the preparation and 
testing of permalloy, with sufficient detail to indicate its unusual 
characteristics. Detailed statements of numerical results are reserved 
for publication in separate articles dealing with specific properties.” 

‘British Patent No. 188,688. 

*L. W. McKeehan, The Crystal Structure of Iron-Nickel Alloys, Phys. Rev. (2), 


21, (1923). 
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In making permalloy we use the purest commercial nickel an 
Armco iron. Our samples for laboratory study are prepared by melt 
ing these metals in a silica crucible, using a Northrup high-frequency 
induction furnace. The particular furnace which we use will con 
veniently melt a charge of about six pounds. An analysis typical o! 
the resulting billets is as follows: 


Ni 78.23 


Fe 21.35 


O4 
Si 03 
P trace 
S .035 
Mu__—.22 
Co 37 
Cu 


The presence of other elements than nickel and iron is of course to 
be expected after any practical method of preparation. To determine 
their effects, samples were prepared in which the usual impurities 
were present in various proportions. It was found that their presence 
does affect the permeability of the alloys and that carbon is espe- 
cially harmful. Since, however, the variations produced by slight 
changes in heat-treatment are very large compared with those due to 
small quantities of impurities we have found it unnecessary for most 
purposes to require higher purity than that indicated in the analysis 
above given. 

In our laboratory studies we have made it a practice to reduce the 
billets through the forms of rod and wire to tape 3.2 mm. wide and 
0.15 mm. thick. Accordingly test samples are available in a variety 
of forms and conditions. Thin narrow tape is particularly adapted 
to use in experiments involving heat-treatment, since it possesses a 
high ratio of area to volume and is easy to manipulate. Fortunately 
the entire nickel-iron series can be mechanically worked if sufficient 
care is exercised and we have thus been able to use samples of the 
same size, shape, and mechanical condition in all measurements upon 
which we have based comparisons between alloys. This practice has 
also made possible strictly comparable micrographic studies through- 
out the series. 
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Permeability is the magnetic characteristic of permalloy in which 
we first became interested and we have used its numerical value as an 
index in establishing the effects of mechanical and thermal treatments. 
Most of the measurements have been made in a ring permeameter of 
special design. The ring sample is prepared by winding twenty or more 
turns of tape around a disk about three inches in diameter. ‘The disk is 
then removed leaving the material in the form of a spirally laminated 
ring with a rectangular cross-section approximately 3.2 mm. by 6 mm. 
A single massive copper conductor is linked with this ring, and con- 
stitutes also the secondary of a transformer whose primary winding 
forms one arm of an inductance bridge. From the bridge measure- 
ments, and the dimensions of the ring the permeability of the latter 
may readily be computed. For most of the measurements 112-cycle 
alternating current has been employed, permitting the use of tele- 
phone receivers in adjusting the balance of the bridge. The ring is 
sufficiently well laminated so that no serious troubles are introduced 
at this frequency by eddy currents. This fact was verified by making 
a number of permeability determinations at alternating current fre- 
quencies both above and below that chosen for routine use, and also 
by comparing the results of ring permeameter tests with those of 
ballistic tests on specially wound ring samples. The bridge method 
is particularly well adapted to the measurement of permeability in 
very weak magnetic fields since amplifiers may readily be used to 
increase the delicacy of the bridge adjustment to almost any degree 
desired. As a matter of convenience we have usually included in our 
test program measurements with fields of 0.002, 0.008, and 0.010 
gauss, and on the graph of permeability against magnetizing field 
strength the straight line through these points has been extended to 
field strength zero. We have called the permeability read from the 
graph at this point the “initial permeability” of the sample. 

The form of permeameter used is especially adapted to making 
measurements quickly and with minimum handling of the sample, 
since it makes use of but a single magnetizing turn. The ring is laid 
on suitable insulating supports in an annular copper trough, and 
placing the copper cover on this trough completes the electrical circuit. 
In a modified instrument, the ‘hot permeameter’, provided with a 
heating device, permeabilities may be measured from liquid air tem- 
peratures up to about 1000°C. without altering the position of the 
sample. 

The heat-treatment of permalloy is of the utmost importance. To 
develop its maximum initial permeability it must be cooled not only 
through the proper temperature ranges, but also at the proper rates. 
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It is obvious that only a small part of any sample can be given the 
most favorable treatment, since the interior portions of the sample 
cool at rates which are dependent upon the geometrical configuration 
and thermal properties of the material and are only indirectly under 
the control of the experimenter. For these reasons each shape and 
size of sample will have its own best heat-treatment and it is obviously 
dithcult to establish the correct heat-treatment for a small element of 
volume, characteristic of permalloy as a material. By the use of thin 
tape, however, we secure fairly uniform treatment of the whole volume 
so long as the coc ling is not too rapid, and fortunately the best cooling 
rate is not much different from the normal cooling rate of the tape 
in the open air. It has been found that temperature changes below 
300°C. have very little effect upon the resultant properties of permalloy, 
but the rate of cooling from just above the magnetic transformation 
temperature down to about 800°C. is a controlling factor. By a long 
series of experiments a heat-treatment has been established which is 
especially well adapted to the permalloy test rings already described. 
They are first heated at about 900°C. for an hour and allowed to 
cool slowly, being protected from oxidation throughout these processes. 
They are then reheated to 600°C., quickly removed from the furnace 
and laid upon a copper plate which is at room temperature. 

Not only does each size and shape of sample require its own special 
heat-treatment, but samples differing only in composition also differ 
in their most suitable heat-treatments. In our investigation of the 
nickel-iron series we have not, however, attempted to determine the 
best heat-treatment for ring samples of each of the many alloys 
studied. By careful exploration we located the region about SO 
per cent nickel, 20 per cent iron as the one promising the highest 
initial permeability and established the best heat-treatment for this 
composition. Keeping this treatment unchanged we then relocated 
the best composition, finding it to be at about 78.5 per cent nickel, 
21.5 per cent iron, There is a maximum temperature in the equilib- 
rium diagram for this binary at about 70 per cent nickel,’ and it was 
natural to suspect that the meximum in initial permeability which 
we had found at 78.5 nickel might be displaced to 70 nickel by proper 
treatment. The 70 per cent nickel alloy was accordingly subjected 
to a great variety of heat-treatments, but no method was found 
capable of producing in it an initial permeability as high as that 
readily obtainable in the 78.5 per cent nickel alloy. 

Fig. 1 shows the general way in which initial permeability has been 
found to vary throughout the nickel-iron series when the heat-treat- 


‘Bureau of Standards Circular No. 58, April 4, 1916. 
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vent determined as best for the SO per cent nickel alloy is used. It 
. obvious from what has been said above that too much weight must 
ot be given to the actual values recorded at any composition. Had 
he best heat-treatment been determined for each sample the curve 
might have been altered considerably in detail, particularly outside 
the permalloy range. We believe, however, that its general form is 
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approximately correct. Alloys were made at 5 per cent steps through- 
out the range except in the vicinity of 8O per cent nickel where a great 
number of slightly different compositions were investigated. The 
chemical analysis, rather than the intended composition, was used in 
every case, although the difference was never considerable. 

The largest value of initial permeability for permalloy at) room 
temperature which we have so far found in the ring permeameter is 
about 13000, more than 30 times the corresponding value for the 
best soft iron. How extraordinary this is may be appreciated by 
considering that this material, although it has a saturation value ot 
magnetic intensity comparable with that of iron, approaches magnetic 
saturation in the earth's field. Unusual caution must therefore be 
exercised in measuring the properties of permalloy to protect the 
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sample from the influence of stray magnetic fields. Fig. 2 shows, to 
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different scales, the values of initial permeability in) similar’ rin 


samples of permalloy and of annealed armco iron, and small portior 
of the corresponding u-H curves from which these were obtained. 

We have measured the magnetization of permalloy at saturatio: 
The saturatio: 
values of magnetization per gramatom are known to vary almos 


and find that it is not sensitive to heat-treatment. 
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linearly with composition throughout the nickel-iron series, from 
for iron to 59 for nickel.4 
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The value 84 which we have found for the 
78.5 per cent nickel alloy is therefore not abnormal. 


The magnetic characteristics of heat-treated ring samples of the 
same alloy have also been determined through a wider range of field 


‘P. Weiss, Faraday Society Trans. 8, 149-156 (1912). 


“ge 
= 
40 
3 
one 
400 
Ripe? 
= 
ae { \ 


PERMALLOY, A NEW MAGNETIC MATERIAL 


12000+ 


PERMALLOY 


N 
c 
n 
oO} 


FIG 4 
MAGNETIZATION CORVES 


“10 


) ARM OO IRON 

| 
| 
| 

| 
| 
| | 

Ra 

Fie. 3 
| 
| 
/ 
| 
| 
| 
| 
| 
4000 
| 
| 

4 6 8 
Fig. 4 

i 
4 
j 


108 BELL SYSTEM TECHNICAL JOURNAL 


12 


PERMALLOY 


FIG S 
MAGNETIZATION CURVES 


PERMALLOY 
ARMCO IRON 


2000 


& 
+ 
ARMCO IRON 
fe) 
H 
| | 
| 
| 
| 
| 
| | 
| 
= | 
| | | 
Fig. 6 
| 
; 
4 


PERMALLOY, A NEW MAGNETIC MATERIAI 109 


rengths by ballistic methods. Figs. 3, 4, and 5 show B-H curves for 
uch a sample of permalloy and for a sample of annealed armeco iron. 
‘rom Fig. 5 is apparent the enormous susceptibility of the former 
naterial in the weak fields so important in communication engineer- 
ing. Fig. 6 shows for the same two materials hysteresis loops carried 
oa maximum induction of 5000 maxwells. The area of the permalloy 
loop is only one sixteenth that of the loop for soft iron. Fig. 7 shows 
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the u-B curves for these materials. The maximum permeability here 
shown, w = 87000, which is not exceptionally high for permalloy 
largely exceeds the highest values obtainable in silicon steel’ and of 
course occurs at a much lower flux density. 


5T, D. Yensen, U. S. Patent 1,358,810. 
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Early in the investigations it was found that heat-treated permallo: 
is sensitive to strain, and the routine measurements were so con 
ducted as to avoid this disturbing effect. Separate investigation 
of the effects of strain upon permeability and electrical conductivity 
in straight samples, and of the converse effects of magnetizatio: 
upon dimensions and conductivity were also undertaken. Whil 
these studies are not yet complete it can be stated that all these effect: 
are large in comparison with the corresponding effects in hitherto 
available magnetic materials. So long as the elastic limit of the 
material is not exceeded the effects due to strain are reproducible and 
disappear when the strain is relieved. The effects of magnetization, 
however, show the expected hysteretic properties. As an example of 
the magnitude of the effects producible it may be stated that between 
its value in the unstrained condition and about one-tenth that value 
the initial permeability of a heat-treated strip of certain of these 
materials can, by the mere variation of strain, be adjusted to any 
value we may for the moment desire. The range through which 
the conductivity can similarly be adjusted by strain is much narrower, 
the maximum reduction being about 2 per cent, which, however, is 
a large effect compared with that found in other metals. 

The effect of magnetization in reducing conductivity is as much 
as 2 per cent for fields of the order of one gauss. This makes it easy, 
for example, to measure the earth’s magnetic field to within about 1 
per cent by finding the strength of the opposing field necessary to 
give a permalloy strip its maximum conductivity. It will be noted 
that the conductivity change which we have mentioned as attainable 
by magnetization is the same as that attainable by elastic strain. 
This is no mere coincidence, for we find that the maximum change 
due to either cause alone is not further increased by superposition of 
the other, although the effects of small tensions and magnetizing fields 
are additive. This suggests, of course, that both causes ultimately 
produce the same change in the mechanism responsible for conduction. 

Since the effect of tension upon permeability is in some of these 
cases so marked it seemed surprising that the only reported study® 
of the converse effect, that is of magnetostriction, indicated a zero 
value within the permalloy range. It appeared advisable therefore 
to study the magnetostriction of the series of alloys here available. 
Preliminary results indicate that under usual conditions of experi- 
ment, heat-treated 78.5 per cent nickel alloy exhibits larger mag- 
netostriction than does iron. 


6K. Honda and K. Kido, Tohoku Univ. Sci. Rep., 9, 221-232, (1920). It should be 
noted, however, that their alloys had received different treatments than ours. 
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With the remarkable ferromagnetic behavior of permalloy in mind 

1e naturally looks for analogous peculiarities in its other properties. 
s has been shown, however, the equilibrium diagram does not point 

curately to the composition exhibiting highest initial permeability. 
(he conductivity curve is even less indicative of a peculiarity at this 
point, its minimum lying at about 35 per cent nickel. The crystal 
tructure is that of nickel and its type does not change until the nickel 
content is made less than 35 per cent. Even the mean spacing between 
adjacent atom-centers, and with it the density, varies continuously 
throughout the entire range. Our experience in working these alloys 
also indicates that the series has no mechanical peculiarities at or 
near 80 per cent nickel. Not only do these characteristics indicate 
no abnormality as the nickel content is increased bevond 70 per cent, 
but, what is more surprising they are little affected by the heat-treat- 
ments which so profoundly change the magnetic properties. So far 
as has been determined, therefore, it is only in connection with its 
magnetic properties that permalloy is unusual. 

To the engineer the discovery of permalloy means the realization of 
plans long impossible of accomplishment for lack of a suitable material. 
For the scientist the principal interest in these materials may well 
lie in the large response of their magnetic properties to simple external 
controls. Without alteration of composition these properties may be 
adjusted through extraordinary ranges by strain, by magnetization, 
or by heat-treatment. This allows a more definite study of the 
way in which these factors are related to magnetic properties than 
has been possible with materials hitherto available in which their 
effects are comparatively small and may be associated with com- 
plicated and irreversible changes in other properties. The behavior 
of permalloy demonstrates that ferromagnetism is associated with 
material structure in a different way than are the ordinary physical 
and chemical properties and its extreme sensitiveness to control 
gives us a powerful method for use in magnetic investigations. 
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Telephone Equipment for Long Cable Circuits 


By CHARLES S. DEMAREST 


SyNopsis: Some of the important developments contemplated in the 
apparatus and equipment for long toll cable circuits are described. The 
large number of equipment units per station in the cable plant and the 
greater number of stations in a give n length of cable than in an open-wire 
system have made the economic importance of the equipment design such 
that a comprehensive program of development, affecting many types of 
equipment, has been undertaken, The outstanding features of some of 
the more important of these, including the telephone repeater equipment, 
test board equipment and signaling equipment, are described. The neces- 
sity for compactness in the dimensions of equipme nt units, uniformity in 
assembly arrangements, and simplicity in design, together with the need 
of careful correlation of the electrical and mechanical requirements, are 
emphasized. The methods proposed for meeting these requirements 
generally, are described. 


INTRODUCTION 


HE use of lead covered cables in place of bare copper wires for 

long distance telephone lines has been an important development 
and much interesting information on this subject has already been 
presented to the Institute. The engineering and construction features 
involved in a cable system of this sort were described by Mr. Pilliod ° 
in his article on the Philadelphia-Pittsburgh Section of the New York- 
Chicago cable, while the transmission characteristics of such a system 
were brought out in the recent paper by Mr. Clarks It is the pur- 
pose of the present paper to deal with some of the important develop- 
ments in apparatus. and equipmént which are contemplated for the 
cable plant. 

A cable system requires repeater stations at more frequent intervals 
throughout its length than an open-wire line, because of the much 
smaller gauge conductors which it employs and the increased elec- 
trical capacity due to closer proximity of the wires. Consequently, 
in such a system, a greater proportion of the plant investment is 
represented by the equipment within the offices than is the case with 
open-wire construction. Furthermore, the number of equipment 
units per station in a cable system is ordinarily much larger than in 
an open-wire office, due to the fact that the chief advantages in the 
use of long cable circuits, in place of open-wire construction, have 
occurred on routes carrying heavy traffic where many circuits are 

1 Presented before A. I. E. E., June 27, 1923. 

2? Journal of the A. I. E. E. for August, 1922; and Bell System Technical Journal, 


Jule, 1922. 


Transactions of A. I. E. E., Vol. 38, part 2, p. 1287; and Bell System Technical 
Journal, January, 1923. 
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weeded. Thus, the requirements of the cable plant have been such 
is to emphasize the economic importance of the equipment design. 

To meet these requirements it has been necessary to undertake a 
comprehensive plan of development affecting many types of equip- 
ment. This has involved careful consideration of both the electrical 
arrangements and the mechanical design, which are being closely 
coordinated with the purpose that both should contribute to the 
highest degree of efficiency in the functioning of the system. 

It is not possible in this paper to give many details concerning 
these developments, but it is desired to present some of the principal 
features as applied to typical cases. Among the more important ot 
these are the telephone repeater equipment, the testboard equipment 
and the signaling equipment. These are closely associated with 
each other in their operation, as well as in their physical location, 
and it has been necessary, in the design of all units to have due regard 
to the system as a whole. 


TELEPHONE REPEATER EQUIPMENT 


The function of the telephone repeater as an amplifier in long 
distance lines is well known. The telephone repeater in its present 
form has been the chief factor in making long distance cable telephony 
practicable, and it is probable that the developments in connection 
with telephone repeaters have been among the most rapid and com, 
prehensive of any in the toll equipment. It will, therefore, be very 
interesting to note, in the illustrations which follow, the principal 
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Fig. 1—Box Type Repeater Installation 
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steps which have been taken in working out the form of the equip 
ment to the degree of efficiency now required for the cable plant. 

In Fig. 1 is shown one of the original forms of repeaters, a numbe: 
of which were installed as early as 1914. In this case the repeater 
apparatus was assembled in boxes designed to mount on the wall, each 
box containing a one-way amplifier. Two such one-way units would 


Fig. 2—Wide Rack Through Line Repeater 


be required to form what is now known as a two-way, two element 
repeater. Although the particular amplifiers shown in the illus- 
tration were actually used for one-way operation only, they are 
typical in their general form, of the units employed for two-way 
operation. The balancing networks, associated coils, ete., were 
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mounted on separate racks while the plate batteries for the vacuum 
tubes were mounted in an adjacent enclosed cabinet. The floor space 
required for a two-way repeater employing this type of apparatus 
was in the neighborhood of 15 square feet per unit, including the usual 
allowances for aisle space and associated apparatus. 


Fig. 2 shows the first type of vacuum tube telephone repeater 


designed for commercial manufacture. The particular unit shown 


is a single ‘“‘through line” set, that is, one which remains connected 


Fig. 3—Standard Through Line Repeater for Open-Wire Use 


to a through circuit at all times instead of being used at a switching 
point to establish built-up connections at the will of the operator, as 
a “cord circuit’? repeater is used. The ‘cord circuit’? repeater of 
the same type was similar in arrangement and dimensions to the 
“through line’ repeater shown. In this type of repeater, all of the 
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apparatus for a two-way circuit was mounted together on one rack. 
The testing equipment and signaling apparatus were duplicated in 
each repeater set. This apparatus, as well as the balancing networks 
and other miscellaneous apparatus were mounted on the same rack 
as the repeater. A unit of this type required about 10 square feet 
of floor space. 

Fig. 3 shows the type of “through line” set which was standardized 
in 1917 for use on open-wire lines. Fig. 4 shows a group of cord circuit 


Fiz. 4—Group of Six Cord Circuit Repeaters and Associated Testing Unit 


sets of the same type of design, together with the testing unit. This 
form of set was a great improvement over the earlier types. It em- 
ployed, however, many of the same large types.of individual pieces of 
apparatus as were used in the former sets and the testing equipment, 
which was mounted on the middle rack of the group, was required to 
be duplicated for each group of 6 repeaters. This type of set has 
been used in many of the smaller installations, but it has not met 
the requirements for large cable installations. The average floor space 
area required was about 6 square feet per set. 

Fig. 5 shows the proposed assembly of the type of telephone re- 
peater which is now being developed for all classes of installations 
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mploying the two-way, two-element circuit. Fig. 6 shows the 
veneral arrangement proposed for a group of sets of this type in a 
large installation, as in a cable office. This set is expected to have 
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Fig. 6—Group of Panel Mounted Repeaters as Arranged in a Large Installation 


many advantages adapting it particularly to cable installations. 
When mounted as shown in Fig. 6 it will occupy but 1.5 square feet 
of floor space per unit. Fig. 7 shows how this set may be arranged 
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in small installations where it may be desired to be mounted on 
low rack. 

By the uniform use of these general mounting arrangements for al 
of the new repeater equipment, including the accessory apparatus as 
well as the repeater sets themselves, it will be possible, where desired 
to serve a large number of repeaters with a small amount of testing 
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Fig. 7—Panel Mounted Repeaters as Arranged in a Small Installation 


equipment. For example, in the case of the voltmeters and ammeters 
required, it will be possible to employ but one meter panel for as many 
as 120 repeaters. Thus, an economy in equipment as well as a saving 
in space will be effected. 

Fig. 8 shows how some of the principal features of this proposed 
type of set, which distinguish it from the earlier types of repeaters, 
are related to the circuit arrangement, as well as to the mechanical 
design. Previously, the apparatus which it is now proposed to mount 
in distinct groups on separate panels, as indicated in this diagram, 
was assembled together in one repeater unit. Several types of sets 
were accordingly necessary to meet the various field conditions. This 
is to be avoided in the new design by separating from the basic re- 
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types of offices, and which may not be needed with “through line” 
repeaters in some cases, Will be furnished as a separate panel from the 
basic repeater unit. The apparatus which will permit the repeater 
to be used for cord circuit operation is also to be furnished as a sep- 
arate unit and may be used in place of the through signaling unit, 
without changing the basic repeater. The filter which will determine 
the cut-off frequency of the repeater will also be furnished as a separate 
piece of apparatus mounted on the repeater set, thus the repeater 
may be suited to any desired type of line by providing the proper 
filter. 

Another interesting phase of repeater development has been that in 
connection with the power supply for the vacuum tubes. This in- 
cludes (1) a source of filament current (2) a source of plate potential 
and (3) a source of grid potential. In meeting the requirements of 
cable installations the principal improvements desired have included 
the use of batteries common to as many repeaters as possible, in place 
of individual batteries, closer regulation of potentials and the elimina- 
tion of dry cells where practicable. 

In some of the earliest installations a separate six-volt storage 
battery was used to supply the filament current for the vacuum tubes 
of each repeater set. Later, the filament current supply was taken 
from an Il-cell central office storage battery through a rheostat. 
As the potential of the 11-cell central office battery, normally 24 
volts, varied from 20 to 28 volts during the operation of a charge and 
discharge routine, it Was necessary to adjust the rheostat at frequent 
intervals to maintain constant current in the vacuum tube filaments. 
With the greatly increased number of repeaters per station which has 
occurred in cable systems, the maintenance involved in readjusting 
the filament currents would have become prohibitive on this basis. 
Accordingly, for the larger installations, duplicate 11-cell batteries 
normally floated from generators and provided with an emergency cell 
to maintain voltage during an emergency discharge are proposed. 
By this improved arrangement it is expected to be possible to maintain 
the filament voltage within one volt up or down from its normal 
value, even during an emergency discharge, until the batteries are 
almost completely discharged. This improved regulation will en- 
tirely eliminate adjustments of the individual repeaters during opera- 
tion to secure proper values of filament current. 

For the plate voltage supply dry cells have sometimes been used 
in small installations. These are now being displaced to a large 
extent, by small storage cells, two groups being used so that one 
group may be charged while the other is in service. In the large cable 
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istallations, the current drain on the 130-volt plate batteries has 

ymetimes reached values as great as four or five amperes, so that it 
. now planned to float these batteries also, instead of operating on the 
harge and discharge basis. It is expected by this means to obtain 
egulation of the plate voltage within plus or minus tive volts from 
the normal value of 130, at all times. 

Consideration is being given to another possible improvement 
in the power arrangements for large repeater installations. This 
involves the proposal to use a storage battery common to all of the 
repeaters for supplying the grid potential. If it is found that this 
arrangement is practical, it will permit the elimination of the individual 
dry cell batteries which have been employed, with a consequent saving 


Fig. 9—Typical Storage Battery Room for Cable Repeater Station 


in maintenance that might be appreciable. It seems likely that a 
very small storage battery would serve for this purpose since the cur- 
rent drain is negligible. 

The amount of power required to operate the vacuum tubes in a 
large telephone repeater installation is considerable. Each filament 
requires a current in the neighborhood of one ampere and, while the 
filaments are connected in series in such a way as to utilize as efficiently 
as practicable the full potential of the central office battery, the load 
on this battery sometimes amounts to several hundred amperes. 
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Fig. 9 gives some idea as to the size of the storage batteries for 
typical office of this kind. The large cells in wooden tanks are tho 
making up the filament batteries, each of which is an 11-cell batter 
of 24-volt nominal rating. These two batteries in parallel are larg 
enough to carry the office load for at least 12 hours in the event of . 
complete failure of charging equipment. 

Fig. 10 shows the charging generators and power switchboard for | 
typical cable repeater office. The gas engine drives emergenc: 
generators to float the filament and plate batteries in the event tha 


the regular electric power supply service fails. Alarms are provided to 
indicate any abnormal condition such as a voltage higher or lower 
than normal, a blown fuse, etc. These are grouped in an annunicator 
cabinet on the wall. 


Test BOARD EQUIPMENT 


The test board forms an important part of the cable plant equip- 
ment, since it is the one point in the office where all of the lines and 
the equipment as a whole may be reached readily for purposes of 
testing or re-routing, in cases of line trouble or changes in layout. 
The form and arrangement of the test board equipment consequently 
have an important bearing on the effectiveness with which the facilities 
are handled by the maintenance forces. This is particularly true in 
the cable plant where the number of circuits involved is large. 
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In general, all toll line conductors are brought into a central office, 
from the outside, through a cable and first appear at a rack called a 
‘distributing frame” where they are soldered to exposed terminal 
lugs so that they may be reached for the purpose of connecting them 
io apparatus within the office. This arrangement is well suited to 
the permanent connections but is not intended to permit frequent 
changes or the ready removal of the apparatus for line testing. 

The necessity for rearranging the connections between the ap- 
paratus and the lines in cases of line trouble makes it desirable at 
times to be able to make such changes quickly, and the means which 
have been provided for this purpose are located at the “test board.” 
Here both the line conductors and the apparatus units are wired to 
“jacks” which are arranged to permit the transfer of the normal 
connections by the insertion of plugs wired to flexible cords. A 
temporary connection made in this manner through a conducting 
cord wired to two plugs is called a “patch.” The apparatus for de- 
termining the location of line trouble is also located at the test board 
and is wired to cords and plugs so that it may be connected to any 
line in the office readily, upon the occurrence of line trouble, without 
necessitating changes in soldered connections. 

The test boards used for the open-wire plant have been designed 
to take care of 40 to 80 line conductors in one position, that is, in a 
board three feet long. The amount of testing and patching work 
required on open-wire lines has been such as to make this a con- 
venient number of circuits to handle within this space. In cable 
installations, however, the amount of testing and patching per line 
conductor is less, while the number of circuits in such an office is much 
greater. Consequently, in cable offices it is possible to concentrate a 
larger number of wires within a given test board space. This is 
desirable from the standpoint of economy in space as well as from that 
of convenience in operation. 

One of the first steps considered in the development of efficient 
test board equipment for cable installations has been the reduction 
of the number of jacks per circuit. In open-wire installations it 
has been the practice to equip each line circuit and each equipment 
unit, such as a composite set or phantom coil, with a full complement 
of jacks suited to provide the maximum degree of flexibility in “‘patch- 
ing,” thus permitting the ready interchanging of individual equip- 
ment units, lines and drop circuits. In cable installations, where 
the circuits are more likely to be uniformly equipped with the same 
types of associated apparatus and where the line troubles are less 
frequent, it is expected to be possible to eliminate certain of the jacks, 
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ich as those associated with the composite sets and phantom sets, 
hus simplifying the equipment for terminating the toll lines. Fig. 11 
hows the typical open-wire arrangement for a terminating phantom 
roup circuit in which the maximum number of jacks is furnished. 
Phis requires a total of 46 jacks. Fig. 12 shows the arrangement of a 
erminating phantom group circuit as planned for a cable installation. 
In this case a total of but 30 jacks is required. 

Another important development expected in the test board ar- 
rangements to suit them to cable use is the grouping together of the 
jacks. serving similar functions. Considerable improvement in 
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Fig. 12 —Typical Phantom Group Circuit for Cable Installations 


operation is thought to be possible with the jacks having different 
functions located at different test board positions. In this way all 
of the line conductor jacks, for example, may be assembled together 
in consecutive order, and since several hundred of these may be in- 
volved in a single installation, this should greatly facilitate the identi- 
fication of the desired circuits by the attendant in the process of 
patching and testing. This grouping of the jacks will also effect a 
saving in testing equipment, since it will eliminate the need of the line 
testing apparatus, such as the Wheatstone bridge, at positions where 
the line conductors will not appear. 
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Fig. 13 illustrates both the open-wire and the proposed cal 
methods of grouping the jacks. In the arrangement for open-wi 
circuits the jacks associated with both the lines and equipment a 
located adjacent to each other in the same test board panel. | 
cable installations the jacks having’ similar functions are to be group 
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“ig. 13—Typical Jack Assembly Arrangements at Test Board 


together, the groups having different functions being mounted in 
different panels which may be located in different test board  posi- 


tions. 


These various groups, in the latter case, are planned as follows: 


‘patching’ toll 
lines only. This position to be used for locating faults in the 


Primary line testing position for testing and 


cable circuits and equipped with a Wheatstone bridge and volt- 
meter, to permit the necessary electrical measurements for this 
purpose. This position is also to be used for making temporary 
changes in the assignments between the lines, and the equipment 
as a whole, but is not to be arranged to permit changes in in- 
dividual equipment units, such as composite sets, phantom 
sets, etc. The jacks to be located at this board are to include 
those designated as “line jacks” and ‘equipment jacks,” in 
Fig. 12. 

Secondary terminating line positions for testing and ‘‘ patching” 
the lines between the “‘drop” side of the equipment and the toll 
switchboard circuit. This position is to be used for determining 
the general nature of a trouble and its general location, i.e., 
whether it is in the direction of the line or in the direction of the 
“drop,” and for clearing troubles not requiring line tests. This 
position is not to be equipped with Wheatstone bridge testing 
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apparatus as at the primary board. The jacks to be located 
at this position are to include those designated as “secondary 
line jacks,” “drop jacks” and “‘listening jacks,” in Fig. 12. 

3. Secondary telegraph line positions for testing and “patching”’ 
the telegraph line circuits. This position is to be used solely 
for interchanging telegraph lines and telegraph equipment, in 
cases of temporary changes in assignment and is not to be 
equipped with the line testing apparatus. This position will 
permit changes to be made in the telegraph assignments without 
interfering with the telephone circuits. The jacks to be located 
at this position are to include those designated in Fig. 12 as 
“telegraph line jacks” and “telegraph drop jacks.” 


A further and more extensive improvement in test board design is 
anticipated as a result of development work whereby it will be pos- 
sible to employ panel mounted keyshelf equipment units, jacks and 
testing apparatus, which in the standard board are now housed in a 
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Fig. 14 Typical Assembly of Floor Mounted Test Board One Position 


large wooden section. This will have the advantage of uniformity 
with the other toll equipment, as well as requiring less space. It will 
also permit flexibility in the use and installation of the various com- 
binations of keyshelf equipment, jack equipment and other testing 
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apparatus which may be required to suit each case. While this a 
rangement will have its chief advantages when applied to large cab 
installations, it will also be well suited to open-wire use and sma 
installations, since its design will permit the highest degree of flex 
bility with respect to both the amount and type of equipment. 
These points may be illustrated by comparing the general featur 
of the two types of boards. Fig. 14 shows the assembly of a om 
position section of the present type of board employing a woodk 
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Fig. 16—Typical Assembly for Keyshel{ 
Fig. 15—Typical General Assembly Equipment Unit for Panel Mounted 
of Panel Mounted Test Board Test Board 


framework. This board, with the necessary allowances for aisle 
space, requires a floor area amounting to about 24 square feet, while 
it houses a maximum of about 1000 jacks corresponding roughly to 


about 40 jacks per square foot. Fig. 15 shows a typical position em- 
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oying the proposed panel mounting method. Such a board will 
ecupy a floor space of about 10 square feet and will take care of about 
(00 jacks, corresponding roughly to a capacity of 60 jacks per square 
oot. 

This latter type of board is to be made up of a number of panel 
inits which are to be assembled on two vertical supports. The prin- 
cipal. types of units to be provided for the purpose are the keyshelf 
units, the jack mountings and the equipment panels which may be 
combined together as desired to give the necessary facilities. 

Fig. 16 shows a typical key shelf unit designed for the panel type 
hoard. By constructing the keyshelf unit as a separate piece of ap- 
paratus, It is expected to be possible to standardize the necessary 
types of keyshelves to fit all ordinary field conditions and to specify 
the desired type of keyshelf to go with any particular arrangement 
or number of jacks. The number of keyshelf units of any given type 
may be as desired for each installation, thus the proportion between 
the jacks and the keyshelf equipment may be suited to each type of 
othice. 

Fig. 17 shows a typical arrangement of the jack equipment and the 
mountings which are to be employed for the jacks. This type of jack 
mounting will make it possible to mount the jacks on the same sup- 
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Fig. 17-—Typical Assembly of Jack Mounts for Panel Mounted Test Board 


ports as the testing equipment. The mountings are to be attached 
to the supports by fasteners, each occupying a vertical space of 13, 
inches and drilled to fit the usual drillings in the supports. This will 
permit the close association of the jacks with the desired testing ap- 
paratus. It will also be possible, by this means, to use for the jacks 
only such of the available vertical space as may be desired, the re- 
mainder being used for other equipment, thereby effecting economy 
in the use of the space. The arrangement is thus expected to be ad- 
vantageous both in large installations, where the various groups of 


: 
a 
| ) 
‘ 
If 
d 
wa 
i 


130 PELL SYSTEM ECHNICAL JOURNAI 


jacks are desired to be arranged at separate primary and secondar 
positions, and in small installations in which but a few jacks may b 
required for all purposes. 

Fig. IS shows the proposed assembly of a typical panel equippe: 
with voltmeter, telegraph relay and sounder, such as are usually 
mounted above the jack field. The advantage of using the pane! 
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Fig. IS Typical Assembly of Apparatus Panel for Panel Mounted Test Board 


mounting for this equipment is expected to be the same from the stand- 
point of convenience and economy as that obtained from this method 
of mounting the kevshelves in relation to the various jack fields. It 
will permit the location of this equipment at any desired position and 
eliminate duplication at positions where this apparatus is not neces- 
sary. Et will also permit flexibility in regard to the type of panel as- 


sociated with a given jack field. 


SIGNALING EQUIPMENT 


The principal purposes of the signaling equipment in- telephone 
lines are (1) to permit a subseriber to signal the central office opera- 
tor, as he does automatically in removing the receiver from the switch- 
hook, (2) to permit the central office operator to ring the subscriber's 
bell and (3) to permit the operators at different central offices to signal 
each other. At repeater stations this equipment serves to pass the 
signals around the telephone repeaters which might otherwise inter- 
tere with their transmission. 

The switehboards in both the local and toll central offices have 
been provided with a source of 20-cevcle current: for signaling, as 
current of this frequency is suited to operate the subscriber's bell 
directly. This frequency has also been satisfactory for operating 
the signaling apparatus in the various local trunk circuits and in 
short toll lines without superposed telegraph. The introduction of 
superposed telegraph and telephone repeaters, however, has prevented 
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the use of 20-cycle signaling on many toll circuits. It has accord. 
ingly been expedient to use a higher frequency for the majority o! 
these circuits, and the one which has been most generally used for 
this purpose has been 135 cycles. It is desired, therefore, to bring 
out here some of the more important features of the 135-cycle signaling 
arrangements which are being developed for cable systems. 


The signaling equipment for cable systems has been required to 
meet more severe conditions than those ordinarily encountered on 
open-wire lines. In order not to interfere with the direct current 
telegraph system used on the cables, it has been necessary to limit 
the signaling current to a few milliamperes. Furthermore, the char- 
acteristics of the cable apparatus have been such as to attenuate 
the signaling currents to a greater extent than in open-wire systems. 
It has accordingly been necessary to undertake the design of signaling 
equipment of greater sensitivity, as well as to provide a source of 
supply of signaling current possessing a high degree of freedom from 
harmonics and capable of being closely regulated. 

The desired increase in sensitivity of the signaling system is ex- 
pected to be obtained through the use of a highly selective circuit in 
conjunction with a very sensitive 135-cvele relay. Fig. 19 shows 
the general scheme of the circuit which is being developed for the 
purpose. 

It is seen that this includes a filter which may be inserted in the 
line circuit between the signal-receiving apparatus and the switch- 
board “drop” to give the desired terminal impedance at the signaling 
frequency, thus preventing the low impedance shunt on the signaling 
relay which would otherwise be caused by the “drop” circuit at a 
frequency as low as 135 cycles. The filter is arranged so that it need 
be inserted in the circuit only in such cases as may require the in- 
creased signaling range obtained in this manner, thus, it may be 
omitted on the shorter circuits where it is usually unnecessary. 

The general circuit arrangement shown in Fig. 19 will permit the 
ready interchange of different types of signaling apparatus. With 
this arrangement of the apparatus, any ‘ringer’ of any desired fre- 
quency combination such as 20-1385 cycles, 20-20 cycles, 135-135 
cycles, ete., may be connected temporarily to the system when desired. 
by means of “patching” cords, without requiring any changes in the 
permanent wiring. 

Much of the sensitivity and selectivity which may be obtained with 
this signaling system are due to the design of the 135-cycle relay, 
As shown in Fig. 20, the relay is designed to make it capable of close 
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and accurate adjustment. Both the magnetic air gap and the con- 
tact spacing may be adjusted, about 0.0015 inch or 0.038 millimeter 
being used ordinarily for the latter. The relay is mechanically 
tuned, the natural period of the reed with its adjustable weight cor- 
responding closely to the frequency of the signaling current. A stop 


Fig. 20—Assembly of 135-Cyvcle Relay 


pin is provided which prevents undue vibration of the reed due to 
transient impulses or excessive currents. Also, the relay circuit is 
electrically tuned by a shunt capacity and a series inductance and 
capacity. It is thus very selective and is relatively free from the 
ordinary sources of interference such as those caused by mechanical 
vibration, telegraph signals, switchhook impulses, voice currents, 
etc. The sensitivity of the relay is such that it will operate on as 
little power as 30 microwatts, corresponding to a current in the neigh- 
borhood of 0.25 milliampere. 


This relay is to be mounted so that it may be inserted in the circuit 
or removed from it in the manner of a plug and jack, without requiring 
changes in the permanent wiring and without affecting the circuit 
operation, except to interrupt the signal-receiving system, while the 
relay is removed. Thus it will be very convenient to make the neces- 
sary adjustments of the relay separate from the circuit with which 
it may be associated in service. The relay will be well protected from 
mechanical interference, such as building vibration, by padding in the 
mounting which prevents rigid mechanical connection between the 
relay and its external support. 

The assembly arrangements proposed for the new signaling ap- 
paratus are such as will fit in closely with the panel mounting meth- 
ods designed for the remainder of the toll equipment in cable in- 
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stallations. Fig. 21 shows the assembly proposed for the new com 
posite ringer set. This method of mounting the composite ringe 
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Fig. 21 — Typical Assembly of 135-Cycle Composite Ringer Set 
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Fig. 22—Typical Assembly of Group of Composite Ringer Sets 


set is a very desirable one since it permits a complete set to be manu- 
factured as a unit and installed as such. 

Fig. 22 shows the manner in which a number of these composite 
ringer panels are planned to be mounted together with the associated 
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n esting equipment in a large installation. This close association o| 

€ he composite ringers with the jacks and’ testing equipment is ex 
nected to be of considerable advantage in facilitating the maintenance 
the apparatus. 

The need in cable systems of a particularly well-regulated source 
of 135-cyele signaling current, with sufficient capacity for a large 
number of lines, has made it desirable to undertake the development 
of both a special twpe of interrupter and a motor-generator for this 
purpose. Close frequency regulation is also very desirable in signaling 
over cable circuits, in view of the increased sensitivity in receiving 
which may be obtained by the use of very selective receiving apparatus 

Fig. 23 shows the circuit arrangement of the interrupter which is 
expected to be provided tor this purpose. This includes a vibrating 


omen 


Fig. 23--135-Cvyele Interrupter Circuit -—Simplified Diagran 
| 


reed actuated by an electromagnet when direct current is applied, 
The contacts on the reed being in series with the battery circuit, 
intermittent Operation is) secured the manner of an ordinary 


buzzer, the speed of operation for a given applied voltage being de 


Fig. 24-—Assembly of Vibrator for 135-Cycle Interrupter 


termined by the natural period of the reed. The actuating circuit 
of the vibrator also includes the primary side of a transformer, the 
secondary side of which is connected to a filter for suppressing har- 
monics in the output. The maximum output capacity of the inter- 
rupter is about three-fourths of a watt, 


3 
‘ 
2444 
t 
by 
4 
3 
gee 


136 BELL SYSYEM TFECHNICAL JOUKNAI 


Fig. 24 shows the vibrating element to be employed in this i 
terrupter. This is equipped with an adjustable weight so that th 
frequency of the output may be regulated. For an input voltag 
variation of 20 to 28 volts, the output frequency will vary about 5 cycle; 
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Fig. 25—-Assembly of 135-Cycle Interruptet 
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Fig. 26—Typical Assembly of Group of 135-Cycle Interrupters 


Fig. 25 shows the assembly proposed for the complete interrupter 
unit. This includes the vibrator, filter, transformer, etc., mounted 


on a panel under metal covers. Fig. 26 shows a typical arrangement 
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EQUIPMEN] 


of a group of interrupters with the associated testing equipment 
These assembly arrangements are uniform with those previously 


described for other types of equipment. 


The 135-cycle motor-generator developed for signaling purposes 


is shown in Fig. 27. This outfit includes two motor-generators, one 


for regular service and one for reserve, on one panel, the control 


Assembly of 10-Watt, 135-Cycle Motor-Generator Set and Asso lated 
Apparatus 


equipment being mounted on a second panel. The output of the 
motor-generator, which is provided with a filter, is practically free 


from harmonics. Its voltage range is from 30 to 40, while its fre- 


quency range is from 133 to 137 cycles, including full load to no load 


conditions. The output capacity of this machine is approximately 
10 watts. 


GENERAL ASSEMBLY ARRANGEMENTS 


In the preceding descriptions some mention has been made of the 
panel assembly method which is expected to be used with much of 
the cable equipment. It might be well to speak briefly here of some 
of the features of this mounting method which are expected to have 
general application. 

The large number of equipment units per station in the cable plant 
has been one of the principal factors in determining the requirements 
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for etiiciency in’ the design of the equipment. These requirement 
have been mainly (1) compactness in dimensions (2) uniformity ii 
assembly arrangements and (3) simplicity in design. 

To make possible the housing of the equipment for a cable installa 
tion within a building of reasonable dimensions, it has been neces 


sary to economize carefully in space. Fig. 28 shows in a genera! 


- 
4 ~ 
- 
z 4 
TESTING 
PATCHING 
JACKS 
+ 
REMOVABLE 
WRITING 
T ELF 
+ 
a+ 
ROLLING 
3 | ] 
4 Ly 


hig. 28 General View Showing Typical Group of Equipment Units Employing 
Panel Mounting Method 


way how the panel assembly method may be employed to accomplish 
this. As seen from this view, the equipment panels are assembled 
on vertical supports consisting of I-beams or channels which extend 
from the floor to the ceiling, rolling ladders being employed to reach 
the apparatus above when necessary. As has been shown in_ the 
preceding views of individual equipment units, all of the adjustable 
apparatus is mounted on the front of each equipment panel and the 
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naterial not requiring adjustment when in operation is mounted on 
he rear, since by this means the rear aisles can be made narrower 
than the front aisles. Thus, all available space is utilized to the 
extent that the floor area required per equipment unit in a cable 
installation will be as small as the maintenance, manufacturing and 
installing requirements for the apparatus will permit. 

In view of the many different types of equipment units having a 
variety of special functions which are required to make up a com- 
plete cable installation, a high degree of uniformity in design is neces 
sary to permit efficiency in their use. Tt is expected that this will be 
accomplished effectively by applying the panel assembly method 
ina uniform manner to practically all types of equipment units. All 
panels are to be of a uniform length, designed to mount on vertical 
supports spaced 19', inches between centers. The height of the 
different panels will vary, according to the amount of apparatus in 
each unit, but this vertical dimension is in all cases to be a whole 
multiple of 13, inches. By applying these specifications widely, it 
will be possible to secure interchangeability between panels and to 
employ uniform methods in grouping the different units, thus ficili 
tating their installation use. 

The simplicity of the design of the equipment units comprising 
the various panels is also of great importance. This has necessitated 
careful attention to the forms of the individual pieces of apparatus, 
in order that these might fulfill their specific functions efficiently 
while at the same time fitting in well with the general equipment 
arrangements. To this end, new types of apparatus, such as repeating 
coils, retardation coils, ete., are being developed especially for cable 
use. Much will also be accomplished toward the simplification. of 
the panels by carefully avoiding duplication in the accessories to the 
different types of equipment and by dissociating from the individual 
units of all types any pieces of apparatus capable of being made com- 
mon to a number of units, or subject to different methods of applica- 
tion in different types of offices. 

Other important advantages are anticipated in the panel assembly 
method. One of these is that it will permit the assembling together 
on one panel of all of the pieces of apparatus of different types which 
mav be desired to form a distinct equipment unit. In large installa- 
tions, completely equipped racks including a number of equipment 
units with the associated testing apparatus may be assembled in the 
factory on the supporting uprights and wired to the terminals at 
the top of the rack, thus simplifying the installation work. The loca- 
ition of the testing apparatus on the same rack with the equipment 
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panels has the further advantage that it will place the apparatus & 
Furthermore 


be adjusted within easy reach of the testing facilities. 
the testing apparatus will serve for the maintenance of a greater num 
ber of equipment units when all of the space between the floor anc 
ceiling is utilized, thus reducing the amount of testing equipment 


required. 
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Radio Extension of the Telephone System to 
Ships at Sea' 


By H. W. NICHOLS and LLOYD ESPENSCHIED 


Synopsis: The paper describes the deve a nt of a two-way radio- 
telephone system and its use in extending the Bell Telephone System to con 
nect with ships at sea. The electrical considerations and the experimental 
work involved in determining the system-design of the radio link are dis 
cussed. Two land stations were established, one of them a permanent 
three-channel station on the New Jersey coast. Two coastal vessels and 
finally one trans-Atlantic liner were equipped. These installations are 
brietly described in the paper. 


The operation of the combined radio and wire system is explained, pat 
ticularly in respect to the transmission characteristics of the over-all svstem 
and the effect thereupon of the movement of the vessel and of variations in 
atmospheric conditions. Measurements of the variations in the field strength 
received from field vessels at sea show why it is possible to receive over very 
long distances at favorable times at night and not during the day. The 
method of establishing combined radio-telephone-wire circuits to ships is de- 
scribed and representative results are given of the considerable telephone 
trafhe which was handled over the system experimentally during a period of 
trial operation. Tests of multi-channel telephone operation to several shi; s 
through the Deal Beach shore station, and also tests of simultaneous tele- 
graph and telephone operation from the same vessel are described. Con 
nection of a vessel thru the transcontinental telephone line to the Catalina 
Island radio-telephone system, whereby the vessel in the Atlantic talked 
with an island in the Pacific, is briefly described, and finally the outstand- 
ing conclusions of the entire development work are given. 


N 1919, the American Telephone and Telegraph Company and 
the Western Electric Company initiated a development  pro- 
gram which had for its object the development of a radio telephone 
system capable of enabling the service of the Bell Telephone System 


to be extended to include vessels at sea. The program involved 
extensive development work in the laboratory and field, the establish- 
ment of shore and ship stations, and the putting of the system into 
practical operation, altho on a limited and experimental scale. 


It is the purpose of this paper to describe the results of this develop- 
ment work from the standpoint of the complete system, with emphasis 


upon the general transmission and operating features rather than 
upon the details of the apparatus developed to perform the necessary 
functions. The development divides itself, naturally, into two parts: 
first, the determination of the system-design and the establishment 


of the necessary stations, and, second, the study of the transmission 
and operating characteristics of the system. 


> 


! Presented before The Institute of Radio Engineers, New York, January 3, 1923, 
Reprinted with minor changes from the Proed. of Institute of Radio Engineers 
June, 1923. 
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RADIO SYSTEM-DESIGN AND ESTABLISHMENT 
OF STATIONS 


PARI 


GENERAL PLANS 


The fundamental condition laid down at the beginning of thi 
work Was the very general one that there should be developed a systen 
by which any telephone subscriber of the Bell System could carry 01 
a conversation with a telephone station located on a ship, and that 
from the point of view of the speakers, the operation should be similar 
to the carrying on of an ordinary toll call between land wire subscribers 
This, of course, involves the development of a satisfactory two-way 
radio telephone system for ship use. Furthermore, it was desired 
to be able to carry on three simultaneous and independent conversa 
tions between three ships and one land station, since a final commercial! 
svstem will involve the establishment of several circuits simultane- 
ously. These 2-way transmissions were to be obtained without em- 


ploving an excessively large frequeneyv band. 
A rough study of the problem resulted in a decision to locate the 
experimental land stations about 200 or 250 miles (320 or 400 km.) 
apart and to try for reliable commercial transmission to ships at a 
distance of approximately 200 miles (320 km.). 
The transmission problems involved in’ this work, which were 
different from those in wire telephone engineering, were: 


(a) A much greater variability in the transmission equivalent to 
be expected in the radio link; 

(b) A much greater and more variable interference, both natural 
and artificial; 

ic) A dack of secrecy in the sense of a wire system; 

(d) Greater possibilities of cross-talk between channels because of 
the use of a single medium; 

e¢) More complication in the matter of signaling and in the setting 
up of the telephone circuit. 


The apparatus problems were, of course, entirely different) from 


those of wire transmission and will not be considered in detail in this 
paper. 


An engineering project of this kind divides itself naturally into 
two phases; that of the development in the laboratory of systems 
and apparatus which are technically suitable for the work and, second, 
the providing in the field of a model system, incorporating the knowl- 
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edge obtained in the laboratory as a means for enabling the svstem 
o be tried out. A preliminary survey of the purely technical prob- 
lems convinced us that the more important ones were the develop 
ment of two-way radio telephone apparatus and of multi-channel 
systems which would operate from a single transmitting station without 
interference between channels; the design of transmitting apparatus 
which would satisfy the requirements and which could be built with 
the vacuum tubes available and the development of a type of receiv: 
ing system which would provide sufficient selectivity to allow an 
economical use of the frequeney range and at the same time fit in 
with the two-way system most likely to be adopted. It was decided 
that during the laboratory development work preparations should 
be made in the field for providing the necessary experimental stations. 
This field work as it developed included the location of station sites, 
the actual construction of the station buildings and the antennas, 
the equipping of the stations with the apparatus as developed in the 
laboratory and as further developed in the station, the equipment of 
the ships, and, finally, the operation and tests of the overall svstem. 


SYSTEM DESIGN CONSIDERATIONS 


In the beginning it was thought that to cover the required 200 
miles (820 km.) range about one or one and one-half kilowatts in 
the antenna would be necessary. It was not known that wave lengths 
would be made available for this work by the Department of Com- 
merce. To produce this amount of power in the antenna there were 
available Western Electric 250 watt tubes which it was decided to 
employ. The question then arose as to the particular type of trans- 
Mission systems most suitable for the work. The points of import- 
ance in solving this problem are as follows: 

The greatest economy both in power and in wave length range 
may be secured by transmitting only one side band of the modulated 
wave. Moreover, this method has the great advantage that varia- 
tions in the trattsmission characteristics of the medium do not cause 
ws great fluctuations in the received signal. This is because the re 
ceived signal is proportional to the product of the carrier and side 
bands and if the carrier is supplied locally instead of being trans- 
mitted, it is not affected by transmission factors. The use of such a 
system, however, or of one in which only the carrier is suppressed, 
throw upon the receiving set the burden of maintaining a constant 
oscillator frequency not only complicating it but also making reception 
impossible for the great majority of ships which are equipped with 
only straight detectors. This would defeat general inter-communica- 
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tion in emergency. Further, it practically restricts the transmitting 
set to one in which the power tubes are used as amplifiers, and it 
was known that some difficulty might be experienced in operating a 
number of 250 watt tubes in parallel if it should be necessary to 
transmit at wave lengths as low as 300 meters. For these reasons and 
after some development work it was decided that the proper system 
to use in the first experiment was one in which modulation is carried 
on by the constant current method which requires about an equal 
number of modulator tubes and power tubes and sends out all com- 
ponents of the modulated wave. 

The simultaneous transmission of three channels from the land 
station may be accomplished in several ways. It is possible, for ex- 
ample, to carry on such multi-channel operation from one antenna, 
which is multi-tuned, or from three separate antennas. The antenna 
power may be supplied by one system of tubes carrying all three 
conversations or the power tube system may be split into three parts. 
Also, using a single antenna simply tuned it would be possible to 
transmit the three channels from one system of tubes by a system of 
double modulation which had been installed by the Western Electric 
Company on United States battleships two or three years earlier. 
The dithculties which are likely to arise in these various schemes are as 
follows: The use of multi-tuned antennas involves loss of power in 
the circuits used to give the antenna three degress of freedom. The 
use of a single system of power tunes for three channels requires that 
the tube system be capable of handling a large overload at times 
without impairment of quality, since it is possible that the peaks of 
three channels may occur simultaneously. It was expected that 
under conditions of this kind there would be inter-modulation of the 
channels due to the modulating action in the plate circuits of the 
power tubes. The use of three separate antennas located very close 
to one another and tuned to frequencies differing by three or four 
per cent. might lead to such close coupling of the three channels that 
cross-talk and modulation of one channel by another would result, 
the latter by plate modulation of one set of tubes by the currents 
induced in its antenna. The use of the double modulation system 
altho requiring but one radiated carrier—is open to the objection of 
overloading and cross modulating of channels and also to the objection 
that the receiving apparatus aboard ship must be more complicated. 
An analysis of these and other proposed methods of operation resulted 
in the decision to employ at that time three separate but closely 
adjacent antennas and three separate transmitting sets using the 
constant current modulation system. This choice was made because 
of conditions peculiar to this particular problem and to the vacuum 
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tubes then available. Of course, improvements can be made in the 
system at the present time as a result of the information obtained in 
the development using the very much larger vacuum tubes now 
available. 

These decisions, therefore, determined the general type of system 
to be used, namely, one in which many of the known advantages of 
single side band transmission were sacrificed in order to secure simple 
apparatus, to make use of then existing power tubes and to enable the 
transmission to be received generally. 

The problem of securing the two-way operation necessary aboard 
ship and for combined radio and wire operation may be attacked in 
several wavs. In general, there are three methods available: 


(1) In which the east and west channels are established alternately, 
and simultaneously, by switching. The push-button 
scheme is a familiar example, although unsuitable for tying in 
with the wire telephone system. Another arrangement is the 
use of voice-operated relays to throw the terminal apparatus into 
the sending or reciving condition, depending upon the direction 
of transmission. 


2) The use of the principle of balance to separate the outgoing 
from the received transmission. The radio receiving antenna 
circuit, is balanced with respect to the transmitting antenna 
circuit, 

3) Employment of different frequencies for the two directions of 


the two-way transmission, relying upon frequency-selecting 
circuits for affecting separation. The first two methods allow of 
operation on the same or on different carrier frequencies. 


All of these fundamental methods were considered in their several 
possible embodiments, and compared from the standpoint of the 
conditions to be met in the radio system itself and in linking it with a 
public service telephone system. The system finally adopted em- 
ployed different frequencies for sending and receiving and secured 
discrimination by frequency selection supplemented at the land 
station by a moderate degree of special separation and balance. By 
using sharply selective receiving circuits, a moderate frequency differ- 
ence between east and west channels sufficed to give the necessary 
degree of separation. 


PRELIMINARY TESTS 


By the time these decisions had been made there was available for 
experimental purposes a plot of land near Clittwood, New Jersey. It 
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was decided to construct a model of the proposed antenna system o1 
this plot and to operate small transmitting sets to determine th¢ 
cross-talk and other important conditions. The antenna system 
decided upon consisted of three poles arranged in the form of ai 
equilateral triangle supporting three antennas—one from the middle 
of each span to the transmitting shack at the center of the triangle 
The dimensions of this model system were 50 meters (164 ft.) by 10 
meters (33 ft.) high. Three experimental transmitting sets of small 
power were set up under the antenna system and studies were made 
of the interference produced between channels when all three channels 
were in-use. Three receiving sets of the general form ‘proposed were 
built and taken to a location near Elberon, New Jersey, about 16 miles 
26 km.) from Clitfwood, at which place it was decided to locate the 
three-channel receiving station to co-operate with the New Jersey 
transmitting station a mile (1.6 km.) away. 

In November, 1919, the first test of a three-channel system was 
held between Cliffwood and Elberon with the result that the receiving 
sets resolved Conversations on carriers of frequencies of 725, 750, and 
775 kiloeyeles without any cross-talk altho the received volume was 
so large as to be audible all over the room. This is a frequency 
difference between channels of approximately three per cent. A 
change in frequency to 747, 759, and 777 kiloeveles resulted in a 
barely perceptible cross-talk on the middle channel, with no cross- 
talk on the others. These results indicated that the loop receivers 
which had been developed were sufficiently sensitive and selective 
to carry out the proposed three-channel work; and, altho a great deal 
of development work was done later on the receiving sets, the general 
principles were retained. [It was found that some reliance must. be 
placed upon the directional properties of the loop antennas, and con- 
siderable care was used to secure very sharp directional selectivity, 
This was done by compensating for the vertical antenna effect of the 
loop by a balanced connection to ground. 

During the whole course of this ship-to-shore work very little 
trouble was experienced thru interference by continuous wave sta- 
tions, even when their frequencies came within two or three per cent. 
of those to be received. We did, however, have much difficulty due 
to interference from spark stations, since they inherently occupy a 
wide frequency range. 


PROVISION OF STATIONS AND DEVELOPMENT OF APPARATUS 


During the time the model svstem was being constructed at Cliff- 
wood, land had been purchased at West Deal, Monmouth County, 
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New Jersey, for the permanent transmitting station. This station 
is it now appears is shown in Fig. 1. The permanent building was 
preceded by a temporary structure to house an experimental trans- 
mitting station which could be used as a model for the design of the 
four final sets to be located in the permanent building. 

Preliminary studies were also made to determine the proper form 
to give to antennas suitable for three channel operation without 
excessive cross-talk, and this study indicated that by the use of 
series inductance and capacity the antennas could be stiffened enough 
to prevent excessive coupling effects and still pass the required fre- 
quency band. 

While this work was going on, a two-way telephone set for use 
aboard ships was developed, and in the spring of 1920 one of these 


Fig. 1 


sets was installed aboard the steamship Ontario of the Merchants 
and Miners Transportation Company. Experimental communica- 
tion with this ship, by means of the model transmitters at both Deal 
Beach and Green Harbor stations, showed that commercial opera- 
tion, at least for one channel, could be maintained. 

By the fall of 1920, the construction work on the four transmitting 
and receiving channels was completed and early in December a 
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demonstration of simultaneous three-channel operation from th 
station to ships was carried out with satisfactory results. 

Fig. | shows a general view of the outside of the transmittin 
station at Deal Beach. The three steel towers form an equilater, 
triangle of sides five hundred feet (150 m.) and each is one hundre: 
and sixty-five feet (50 m.) high. Steel cables to support the antenna 
are strung between these towers and also three cables extendin, 
inward support a fourth antenna which rises directly from the buildin, 
in the middle of the triangle. One antenna goes to the middle o 
each of the first mentioned steel cables, so that there are a total o 
four transmitting antennas. One of these is intended for use at six 
hundred meters. The building is thirty by ninety feet (9.1 by 27.5 
m.) and two stories high. The southern half comprises the operating 
room which rises two full stories. The other part of the building is 
taken up by an office, shop, power room, living and dining room and 
kitchen, and by six bedrooms. 


DESCRIPTION OF THE EXPERIMENTAL RADIO STATIONS 


The system as developed at Deal Beach consists of four transmitting 
sets, Operating into four separate, altho naturally coupled, antennas, 
one set and antenna being intended primarily for 600 meter calling 
and for emergency. The receiving station co-operating with Deal 
Beach is located about a mile (1.6 km.) north of that station and 
contains four receiving sets receiving energy from four loop antennas 
The transmitting sets are capable of putting about one kilowatt ot 
modulated radio frequency power into each antenna and are con 
trolled from a telephone switchboard into which run trunk lines from 
New York City. A ten-pair telephone cable connects Deal Beach and 
Iberon and another telephone switchboard at Elberon permits the 
transfer of received signals back to the wire line. The radio station 
operates, therefore, generally as a telephone repeater arranged for two- 
Way Operation with two repeaters. At the ship stations, because of 
the small amount of space involved, transmitting and receiving was 
accomplished on the same antenna at different frequencies in the two 
directions. Because of the better receiving conditions on the shore 
the proper transmission balance was obtained by making the output 
of the ship transmitting set about one-quarter that of the land station. 

The general principle of operation of one channel of the wire-to-radio 
repeater will be described) from the schematic circuit diagram of 


lig. 2, which shows, in the dotted blocks, one channel of the trans 
mitting station, a ship station, and one receiving set. At the trans- 


mitter station the master oscillator, very carefully shielded to main- 


: 
he 
: 
= 
hae 
: 


EXTENSION OF THE TELEPHONE SYSTEM TO SHIPS 149 


an constant frequeney, operates into a two-stage amplitier, the Last 
tage being filty watt tubes, and from there into a bank of six radio 
requency power tubes, each with a rating of 250 watts plate dis 
ipation. Speech to modulate this radio frequeney output enters 
irom a telephone line and is applied to a speech amplifier the output 
of which operates into a bank of 250 watt modulator tubes in parallel. 
Phus both the radio frequency and the speech frequency currents 


are brought up to the high power level before modulation takes place 


Phe six radio frequency and six speech frequency tubes have their 
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plate circuits connected together and operate as a constant current 
modulation system. ‘Thus current of the frequency Fy, generated by 
the master oscillator and amplified and modulated, is radiated from 
the antenna. The notation /,+.S; indicates the radiation of the 
carrier and two side bands from this antenna. The incoming speech 
Si), as it comes from the telephone line, passes through the hybrid 
coil and to the balancing network shown. This balancing network 
has an impedance characteristic similar to that of the incoming line, 
and the combination of hybrid coil and network is similar to that 
used in telephone repeater practice to secure two-way operation. 
The object of this arrangement is, of course, to prevent signals, 
coming in from the receiving station, operating upon the transmitter 
of the outgoing channel. If the balancing network is an exact picture 
of the incoming line and if the hybrid coil is properly made, incoming 
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signals for transmission west on the telephone line will produce n 
voltage at the terminals of the transmitting amplifier. 

At the receiving station the incoming wave is impressed upon 
loop antenna and the receiving set. The resulting detected output is 
then amplified as indicated and returns to the hybrid coil, passing 
out on the telephone line without producing a voltage on the speech 
amplifier of the transmitting set if the hybrid coil balance is perfect. 

On the ship, this physical separation of transmitting and receiving 
set is, of course, not practical, and, as indicated before, transmission 
and reception take place upon one antenna so arranged that the 
receiving circuit offers a high impedance to currents of the outgoing 
frequency and low impedance to the incoming signal. Actually, 


Fig. 3 


the outgoing signal is not entirely excluded from the ship's receiver 
and there is present a side tone of about the magnitude of the incoming 
signal. This is by no means an undesirable condition and is the one 
which holds approximately in an ordinary telephone subscriber's 
instrument. The presence of side tone assures the speaker that his 
system is functioning properly. 

Fig. 3 is a view of the operating room showing the four trans- 
mitting units at the back; the power switchboard for supplying the 
plate circuits of the tube at the right; the telephone switchboard 
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for the four speech or telegraph channels in the center; and on the 
gallery above the transmitting units, the coupling coils, loading 
inductances, and so on, between the sets and the antennas. The 
motor generator sets capable of supplving as much as tive kilowatts 
at eighteen hundred volts to each of the transmitting sets are located 
in an adjoining room and controlled from the operating room 

Fig. 4 shows the interior of one of the transmitting units. In the 
shielded box at the upper right hand corner is the master oscillator 
which sets the frequency to be used for that particular channel. 


Fig. 4 


Next to the left are two more shielded compartments, each of which 
contains an amplifier. The last stage of this amplifier employs a 
fifty watt tube. In the larger unshielded compartment are located 
above, the six radio frequency power amplifier tubes. The reason for 
introducing two amplifiers between the master oscillator and the power 
tubes is to prevent any reaction from the attenna circuit back to the 
master oscillator. By taking this precaution the frequency of the 
master oscillator never varies more than fifty cvcles in eight hundred 
thousand. The lower set of shielded compartments, at the right, 
contains the audio frequency telephone amplifiers which supply 
currents to the six modulator power tubes shown in the lower par 
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of the open compartment. ‘These two sets of six tubes each are con 
nected together to secure constant current modulation. The output 
of these twelve tubes is led to terminals on the output of the trans 
mitter unit at the left. To secure cooling in hot weather, a fan is 
installed below the power tube compartment. In the extreme lett 
compartment are shown choke coils in the power circuits, and at the 
extreme left on the outside are circuit breakers and two handles tor 
operating the tuning and coupling apparatus in the gallery above. 

Fig. 5 shows one set of radio frequency apparatus in this gallery 
The two inductometers at the left are for coupling and tuning, and 


Fig. 5 


the large condenser at the right, the plates of which consist of brass 
frames covered with copper window screen, is inserted in series with 
the antenna. This capacity together with the inductance immedi- 
ately above it stiffens the antenna circuit and increases the frequency 
selectivity to prevent radio frequency interaction between the several 
antennas. 

The telephone switchboard shown in Fig. 6 is a special type of 
P. B. X. (private branch exchange), constructed to provide the 
necessary shielding and to include telegraph oscillator, phantom 
coils, and other special apparatus. This switchboard provides for 


Pale 
| 
| 
| 
| 
{ir 
| 
: 
4% 
Vig 
3 


EATENSION O! Pil 


oul channel telephone or te legraph Operatron al 


] 
ane for the control and 


nonitoring of all channels. Ino the operation 


yperator, located at this switchboard, has complete control « 


the one 
the 


ntire transmitting plant. The operating board was especially built 


lig. 6 


for the experiments, and altho not the final form contains features 
which are of interest in that they illustrate well the technique in 
volved in combined wire and radio operation. 

The four vertical rows of jacks correspond to the four two-way 
radio channels. At the top of each row will be seen the dials tor 
controlling amplification. On the apron are telegraph keys, telephone 
keys, and operating cords. The cord circuits, by being plugged into 
the jacks, interconnect any one of the New York toll circuits with 
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any one of the four radio circuits. The cord circuits contain the 
switching keys seen in front, by means of which the radio station 
operator is enabled to split the circuit and talk either wav, connect 
the circuit thru and bridge on it and talk or monitor. This cord 


Fig. 8 


circuit is shown in Fig. 7 in relation to the rest of the wire-radio 
junction circuit. It will be seen to be of a four-wire instead of the 
more usual two-wire type and to comprise in reality two circuits, 
one for east-bound and the other for west-bound transmission. This 
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arrangement Was used in order to obtain flexibility the experi 
ments. Et enables the circuits to be continued inland as four-wire 
circuits and permits of the switching operations being carried out with 
a minimum effect upon the 2-way balance of the transmission system. 

The receiving station at Elberon is located on a rented plot ot 
ground and was not built in permanent form, since we did not regard 
this location as entirely suitable for receiving from the Atlantic. 
Reception is carried on the four channels by means of four loop 
antennas operating into four receiving sets. A telephone switchboard 
similar to that at Deal Beach provides for the connection to the wire 
system. Of course, two telephone switchboards are not necessary 
but one was installed at each station in order that we might deter- 
mine by operating tests whether the control of the system should be 
from the transmitting or the receiving station. 

The receiving sets as finally developed were extremely selective 
and pass only a band of speech width with a large attenuation outside 
this band. “Phey will be described in another paper. 

big. S shows a front view of one of the experimental transmitters 
used aboard ship. The lower half consists of power control apparatus. 
Three 250 watt tubes are used of which one is a master oscillator, 
one a power amplifier and one a modulator. The large capacity 
tube was used as a master oscillator and only a very small part of its 
output applied to the second power tube. This was done in order 
to prevent reaction of the antenna system upon the oscillator. 

Apparatus of this type was installed on the Ontario and Gloucester 
of the Merchants and Miners Line, and operated in) conjunction 
with Deal Beach and Green Harbor. Later another electrically 
similar set was built by the General Electric Company and was in- 
stalled and operated by the Radio Corporation on the steamship 
America. This installation is illustrated in Fig. 9. 


Part Il 
OPERATION OF THE COMBINED RADIO AND WIRE 
SYSTEM 
The development work as described in Part | had resulted in estab- 
lishing an experimental ship-to-shore radio telephone plant of some 
proportions. This will be seen by reference to the accompanying 
map of Fig. 10 which gives a picture of the field setting, as it were, 
of the experimental operations. The experimental plant included: 
Two operating shore stations -Deal Beach, New Jersey, and Green 
Harbor, Massachusetts. 
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A field experimental station at Clittwood, New Jersey. 
Two ship installations, on the S.S. Gloucester and the S. 5. Ontarte 
The vessels operated between Boston and Philadelphia or Baltimore 


and took any of several courses, two representative ones of which 
are as plotted in the figure. 

Let us now consider this plant from) the communication stand 
point and look into its characteristics, first as an electric transmission 


system, and then as a message handling tac ility. 
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Each of the two land stations was tied into its nearest center by 
wire circuits, Deal Beach to New York and Green Harbor to Boston 
We will take for our example the New York-Deal Beach-Ship circuit 
pictured in Fig. 11 and shown diagrammatically in Fig. 12. This is 


Boston 
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a combination of wire-radio toll circuit, one end of which terminates 
ona vessel of variable position and the other end of which is capable 
of being extended either over a local circuit to a New York subscriber 
or over a long distance circuit to reach subscribers at more distant 
inland points. 

This communication circuit must fulfil two general requirements. 
In the first place it must be so constituted electrically as to preserve 
the feeble voice currents launched upon it by one subscriber so that 
they be rendered to another person with sufficient volume and fidelity 
of wave shape as to be readily intelligible. This requires that the 
circuit be properly engineered as an electrical transmission network. 
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Secondly, given a circuit capable of talking, it is necessary that this 
ircuit be flexible in use so that it can be put at the disposal of any 
land line subscriber for connection to a ship at sea, at anv time the 
ship is within range. This requires that the proper switching facilities 
be provided and brings in operating and trathe problems 
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THe Rapro-WirRE TRANSMISSION CIRCUIT 


Two types of circuits were used in the experiments in operatir 
between New York and the vessel, as shown schematically in Fig. 1. 
The radio link is the same for both. Different frequencies are use 
for transmitting in the two directions so that in the radio link w 
have the equivalent of two circuits, one for transmitting east an: 
the other for transmitting west. This is the same as the four-wir 
telephone circuit. In the thru circuit first shown the radio four-wir 
circuit is brought into a two-wire circuit at the land radio station 
making a regular two-wire telephone circuit from the radio station t 
the New York toll terminal. This circuit was used in the tests for 
calls local in New York. In the arrangement of the second circuit of 
hig. 12, each of the one-way radio channels is extended back to the 
New York toll office by its own wire line and there joined into a two 
wire circuit, making the wire-radio toll line from New York to the ship 
a four-wire system. This arrangement forms a high grade circuit and is 
the one used in the experiments for connecting with long distance lines 

Taking the four-wire circuit, the path of the voice currents may 
be traced thru from one end to the other as follows: The currents 
which are initiated by the land subscriber, for example, upon arrival 
at the New York toll office divide in the hybrid coil between the east 
bound and the west-bound circuits. The currents are prevented 
from being propagated over the west-bound branch because of the 
unilateral nature of the repeater. The currents of the east: branch 
are amplified in the repeater of this circuit in order to make up for 
the attenuation suttered in the cable circuit, and upon arrival at Deal 
Beach are amplified to power proportions, modulated upon the radio 
carrier and radiated into space. Upon being received at the ship end 
of the radio circu they are sharply selected in respect to frequency, 
are again amplified, and delivered to the listener. When the ship 
subseriber talks, the voice currents are amplified, pass directly into 
the radio transmitter, are transmitted over the radio link in the usual 
way, received at the shore station, amplified and sent out over the 
wire circuit to New York. Here they pass in the reverse direction 
thru the hybrid coil and divided between the two-wire circuit on the 
one hand and the balancing network on the other, thus getting back 
into a regular two-wire telephone circuit. 


INTERCONNECTION BETWEEN RaApIO AND WIRE CIRCUITS 


It will be well to recall at this point just what it is that makes 
possible automatic repetition or thru: transmission between the wire 
and radio circuits. 
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There is both an outgoing and an incoming radio channel Phe 
automatic repetition from the wire to the outgoing radio channel is 
made possible thru ability to control the transmitter wave power 
by the voice currents set up at the distant end of the telephone line 
It will be recalled that in the early radio telephone art, before the 
vacuum tube, modulation was effected by the microphone transmitter 
which required that the talker be present at the radio station. — It is, 
therefore, the electric-control type of modulator such as the vacuum 
tube, as distinguished from the air-wave control modulator, which 
permits of the talker being at the far end of a wire circuit. Con 
versely in the receiving channel, it is the fact that the detecting action 
vields telephone currents directly, ready for propagation over a wire 
circuit, that enables the radio channel to be extended to a distant 
listener. 

Thus it is the thermionic tube modulator and detector which have 
made possible the radio-wire transfer. [tis the thermionic tube as a 
reliable high-quality amplifier, however, that makes the transfer 
practical; for it is the amplifier which enables the weak voice currents 
received at the radio station from a land line subseriber to be boosted 
to power proportions and thus control the considerable radio frequency 
power required for transmission; and, again, it is the amplitier which 
enables the exiremely weak currents received from the radio link to be 
so augmented that upon being placed upon a wire circuit, and perhaps 
being further amplified en route, they may be heard in the regular 
telephone at the other end. 

The other important feature of the radio-wire inter-connection is 
the junction of the four-wire and the two-wire circuits by means of 
the hybrid coil and balancing network as shown in Fig. Il. The 
windings of such a coil are so designed as to establish a sort of Wheat- 
stone bridge circuit. This bridge circuit: accomplishes the joining 
of the regular two-wire telephone circuit with the sending radio channel 
on the one hand and the receiving radio channel on the other, while 
still maintaining an electrical separation between the two radio 
channels. It is really, therefore, the connecting link between the 
two-wire type of circuit of the telephone plant and the four-wire 
circuit of the radio link. The hybrid coil type of circuit is taken 


from the telephone repeater and carrier current art” “The radio 
receiving circuit corresponds to the generator branch of the Wheatstone 
bridge, and radio transmitting circuit to the detector branch. The 

Telephon Repeaters,” B. Gherardi and b. Bo Jewett, Journal of American 


Institute of Electrical Engineers, pages 1255 1395, November, 1919 


“Carrier Current Telephony and Telegraphy,”’ Colpitts and O. B. Blackwell 
Journal of Amertcan Institute of Electrical Engineers, pages 205-300, February 
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two-wire telephone line corresponds to the ‘‘X" arm of the bridge 
and the balancing artificial line to the ““Y"’ arm. The ratio arms are 
in effect formed by the windings of the hybrid coil. 


SPEECH RECEIVED FROM SHIP RE-TRANSMITTED FROM 
SHORE STATION 


Now this junction circuit always has some unbalance because it 
is obviously impossible to maintain a perfect symmetry between 
the telephone line and the balancing network. Especially is this 
true where the telephone line is a type not designed for repeater 
operation and is switched at its terminal to any of a number of lines 
of different impedances, as was the case with the circuit used in the 
tests. 

This unbalance between the line and its balancing network will 
be seen to permit some of the speech-current received over the radio 
link to get across into the transmitting circuit, to modulate the shore 
station carrier and to get out into the ether again on the transmitting 
wavelength. Asa matter of fact during the experiments the unbalance 
was sometimes such as to permit of fairly strong transmission around 
back thru the shore transmitter, so that incoming speech was repeated 
out thru the shore station transmitter in amplified form. This en- 
abled listeners in the vicinity of New York to hear the conversation 
originating on the ship almost as well as that originating on land, 
and they naturally thought that they were picking up the ship's 
radio transmission directly, whereas they were actually overhearing 
the re-transmission of the shore-station’s reception. 


THE Turu Circuit AS A REPEATED TELEPHONE CIRCUIT 


This re-transmission makes all the more evident the true role of 
the shore station, namely, that of a large telephone repeater between 
two sections of line, the one a land line and the other a “space” 
line, and functioning also to convert between the voice frequencies 
of one section and the radio frequencies of the other. As such, we 
can consider the over-all circuit from a transmission standpoint much 
as we do long distance repeated telephone circuits. 

Now one of the most important transmission considerations in 
such a long distance circuit is that of how the amplification is ap- 
plied in relation to the losses in the circuit. This question of amplifi- 
cation is particularly important in the case of combination radio-wire 
systems, because the radio circuit possesses inherently large trans- 
mission losses and requires correspondingly large amplification. The 
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ecessary large amplification is supplied at both ends of the radio 
nk, partly in the transmitting station where the voice currents are 
implified up to power proportions and partly at the receiving end where 
the amplification is likewise large altho at small power. In the radio 
telephone circuits which were operated in the experimental work 
ihe power in the sending antenna to that in the receiving antenna 
is in the ratio of roughly 10% This requires amplification which 
was distributed somewhere near equally between the sending and 
the receiving ends. It has been found convenient to express such 
transmission losses in terms of a power ratio using 10°! as a unit. 
Thus the above antenna to antenna power ratio would correspond to 
100 of such units. 


Circuit TRANSMISSION EQUIVALENTS 

It is necessary that the amplification of such a circuit be sufficient 
to offset very closely the loss, in order that the net loss be small. 
Actually, in the tests, the radio portion of the circuit was worked 
with a net transmission loss of about six units, meaning that at least 
95 per cent. of the radio over-all circuit losses were wiped out. This 
means that if a change of say 10 per cent. occurs in the amplification, 
or in the ether loss as by fading or movement of the vessel, the circuit 
equivalent will be greatly affected—changed by about 200 per cent. 
The difficulty of maintaining the ship circuit stable will therefore be 
appreciated. 

Fig. 12 shows the transmission loss (of six units) obtained for the 
radio link during the tests and also the other losses which are in the 
wire portion of the combination system. The distribution of losses 
in the first circuit will be noted to be approximately as follows: 

6 units in the radio link. 

3 units in the hybrid coil—balancing network. 

12 units in the wire circuit to New York. 

6 units from the New York central office to the subscriber. 

3 The unit used in this paper is one which has been found convenient in which 
expressing the transmission loss or gain of a circuit. One unit is taken as that power 
ratio which is equal to 10°'. Thus, if the attenuation or amplification of a circuit 
is one unit the power at the two ends are in ratio of 10°'; if ten units, in the ratio of 
101 or 10; twenty units would therefore have a power ratio of 100, and so on. 
The Winds ige of using a power ratio instead of a current ratio is that it is 7 
pendent of the impedances of the two portions of the circuit considered. The ad- 
vantage of expressing the power ratio as an exponent is that on account of the ex 
ponential nature of attenuation it enables the net transmission efficiency of a system 
to be readily derived by algebraically summing up the individual losses and gains. 
This unit has been selected as more suitable for general use in expressing trans- 
mission efficiencies than the 800 cycle ‘ mile of standard cable’’ which has sometimes 
been made. The ratio between these two units is as follows: 1 mile of standard cable 


equals 0,95 units as used in this paper. = 10"! = 9-109 units. 
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This makes a total loss between subscribers of 27 units which 
satisfactory for a good talk under fairly quiet conditions. Th 
equivalent was usually realizable under the conditions of the te 
and the majority of the calls put thru from local stations in New Yor 
with the ship 100-200 miles (160-320 km.) out were successful despit 
occasional spark interference in the radio circuit. 

The transmission loss is, however, too high in such a circuit 1 
enable it to be extended inland over long distance wire circuits. — | 
this is attempted, two limitations come into play. In the first: place 
the volume of the talk becomes too weak. If the call were extende: 
over a toll circuit having a 10-unit equivalent, for example, the over 
all equivalent would become something like 37 units, which is ex 
cessive. This could be overcome to some extent by a cord circuit 
repeater at New York. A second limitation which existed in. the 
experimental set-up resided in the unbalance between the line and the 
balancing network at the radio station. This unbalance permitted 
currents received over the radio link to be fed back thru the radio 
transmitter of the land station, as described above. These fed-back 
currents overload the radio transmitter if they are large compared 
with the currents being supplied to the radio transmitter from = the 
shore subscriber. In other words, if there is suffident amplification in 
the shore transmitter to enable very weak voice currents arriving 
over a line of high equivalent to load the transmitter fully, then th 
transmitter is likely to be overloaded by currents which get through 
the hybrid coil from the associated radio receiver. For these reasons, 
the two-wire-four-wire circuit of Fig. 12 is not) good enough = for 
extension over long distance circuits. 

The four-wire type of circuit which is suitable for long distance 
land line connections is shown in the second diagram with repre- 
sentative transmission equivalents. A brief comparison of the two- 
wire and the four-wire circuits will make it evident why the four-wire 
circuit gives the better equivalent. It enables the land line loss 
between the radio station and the toll center to be more or less wiped 
out, thus in effect placing the radio station electrically at the toll 
center. Another way to express the situation is this: regard the 
hybrid coil unbalance as the limiting factor, then assume that, while 
holding to a given unbalance, the four-wire circuit (the loss in which 
can be largely wiped out by one-way amplifiers) is extended inland. 
The length of the remaining two-wire line back to the land sub 
scriber is thereby decreased and the ratio of the current received at 
the radio station over the line as compared with that transmitted 
across the hybrid coil thru unbalance is increased, — [It will be observed 
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iat with the crreuit conditions as illustrated, the over-all equivalent 
etween, say, a Chicago subscriber and a ship, including a 10-unit 
coll circuit loss, is approximately 25 units, which should give a good 
talk. 


PowER LEVELS AND INTERFERENCE 


It is necessary that the magnitude of stray currents be so kept 
down in comparison to the transmission currents thruout the system 
as to obviate noise interference with telephone conversation. This 
requirement is particularly difficult of realization in the radio link 
because of static and, especially in the vicinity of New York, inter- 
ference from spark telegraph stations. It is, of course, this inter- 
ference, caused by the presence in the ether, on the wave length band 
being used, of extraneous wave components, which sets the actual 
range limit of the radio link. Actually it was found that in trans- 
mitting on about 400 meters in the vicinity of New York the receiving 
field strength could not be permitted to go on the average below 
about 200 micro-volts per meter, and even then the spark situation 
is so bad in the present art as to give periods of prohibitive inter- 
ference. In less congested zones along the coast to the north, prob- 
ably lower field strengths could be permitted. 


TRANSMISSION VARIATIONS IN RADIO CIRCUIT 


One of the outstanding transmission characteristics of a ship-to- 
shore radio telephone system is the variation which the attenuation ot 
the radio link undergoes as a result of the movement of the vessel 
In order to determine the magnitude of these variations, a series of 
measurements were made of the telephone transmission over the 
radio circuit as the vessel proceeded on her course. 

The method of making these measurements is shown schematically 
in Fig. 138. Take for example the case of measuring a one-way circuit 
as distinguished from a circuit looped back. A 1,000-cyvcle current 
of predetermined power of the order of one miliwatt is impressed 
upon the input circuit of the radio transmitter. This tone is received 
in the output of the distant radio receiver. There it is passed to the 
measuring apparatus where it is amplified, rectified, and made to 
operate an indicating instrument. The receiving end measuring 
apparatus is then switched to a local source of 1.000-cyvcle current 
giving the same power as Was applied to the transmitter at the sending 
end. ‘The proportion of this power which enters the measuring ap- 
paratus is then varied by a variable network calibrated in power ratio 
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loss (it was actually in miles of standard cable) until the indicat 
reading is the same as that obtained from the radio receiver. T} 
setting of the variable network then indicates the transmission lo 
of the circuit. The method is similar to that developed for measurit 
the transmission loss of telephone circuits. 

These measurements were used for the purpose of enabling th 
radio link to be worked to a contsant transmission equivalent— i 
this case, of about six units. The procedure for so doing was a 
follows: When the vessel was first picked up, the receiving amplifica 
tions in both east and west channels were adjusted until the measure 
ments showed a transmission equivalent of 6 units. Then as th 
vessel proceeded on her course the transmission equivalent) was 


MEASUREMENTS OF TELEPHONE TRANSMISSION OF RADIO CIRCUITS 


SS GLOUCESTER 


Fig. 13 


measured at intervals of an hour or less and the receiving amplitica- 
tion readjusted to hold the desired six-unit equivalent. In this 
way the talking efficiency of the radio link was kept constant. 

The total amplification change which had been made from the 
beginning of a run up to any one time gives a measure of the change 
which has occurred in the transmission loss of the radio circuit. By 
plotting this change in relation to the time of day and in turn to the 
varying distance between the two stations, an interesting curve 
results which shows the manner in which the progress of the vessel 
affects the transmission of the radio circuit. In Fig. 14, the time of 
day is plotted horizontally, distance is plotted vertically on the right 
and amplification vertically on the left. The zero amplification 
reference is the amplification in the circuit which gives a six-unit 
equivalent at the time the vessel is first picked up. 
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Curve A shows the manner in which the distance between shore- 
station and ship varied with time of day as on her south-bound course 
the ship approached the shore station from the northeast and drew 
away again to the south. The vessel in this case was on her inshore 
course along the coast as shown in Fig. 10 above. Curve B shows 
the manner in which the receiving amplification on shore had to be 
changed with time of day to keep the ship-to-shore transmission 
constant, first decreased as the ship came closer and then increased 
as she drew away again to the south. Curve C is for reception on 
ship and shows the manner in which the ships receiving amplification 
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had to be varied to keep the shore-to-ship transmission constant. 
Altho these are not measurements of any absolute quantity such as 
field-strength, they are practical measurements of actual talking 
circuits and as such include the effect thereon of apparatus adjust- 
ments as well as the “ether” conditions and therefore are of value 
in determining the conditions to be met in maintaining the over-all 
system in operation. The difference between curves B and C, for 
example, are in part the result of the difference in adjustment given 
to the detector tubes of the two circuits. The load on the detectors 
was kept practically constant by adjustable radio-frequency amplifica- 
tion, so that any overloading was approximately constant thruout 
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The curve of Figs. 15 and 16 are obtained by taking the data of 


big. 14 and plotting the variation of amplification with separation 


between stations. 
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ives show up rather strikingly the fact that the transmission to the 
outh is much poorer than that to the northeast of Deal Beach. Phis 
esult agrees with experience since greater ditticulty is usually en 
ountered in communicating with a vessel when the line of trans 
mission ts along the coast than when it is straight out to sea. The 
larger transmission loss may be due to shore absorption or, possibly, 
to refraction of waves by the electrical discontinuity represented by 
the coast line. This high attenuation effeet was observed rather 
uniformly in all of the measurements, and would itself form an inter- 
esting subject: of investigation, using more absolute methods ot 
measurement, 

Fig. 17 shows the circuit-equivalent-distance characteristic for 
the off-shore course taken by the vessel. The curve is generally 
similar to that for the near-in course. 
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The rate at which the transmission of the circuit varies with change 
in distance is an important matter in operation, since it determines 
the frequency with which the amplification in the circuit: must be 
readjusted to keep the equivalent constant. In) accordance with 
the Austin-Cohen formula, the equivalent should vary at the rate of 
about 0.25 units per statute mile (1.6 km.) with the vessel 100 miles 
(160 km.) out, assuming a square law detector. In the worst case 
found, the circuit equivalent varied at the rate of 0.5 unit per statute 
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mile. This was one of the cases where the vessel was well sou 
and close in shore and, of course, represents very poor transmissi¢ 
It means that with the vessel traveling as slowly as ten miles (16 km 
per hour, a transmission change of about five units per hour wi 
occur. In telephone practice it is desirable to keep the transmissi: 
equivalent constant to within two or three units, so that this cond 
tion would require re-adjusting the amplification as often as eve 
half hour. 

These curve: show the necessity for so designing the receiving sé 
as to be able readily to obtain a wide variation in amplification i: 
order to accommodate the changes in transmission efficiency. Unde: 
the conditions of the test, it was found that a variation of 40 unit- 
amplification is necessary in order to carry the vessel from a range o| 
10 up to 200 statute miles (64 to 320 km.). In order to gain such 
control, it is desirable to switch stages of amplification into and out 
of the circuits and to obtain closer adjustment by means of networks 
of variable loss. 

When we speak of holding the circuit to a constant transmission 
equivalent thruout a wide variation in the position of the ship, we 
do not mean that the circuit for 200 miles (320 km.), for example, 
is as good as that for 40 miles (64 km.). The field strength received 
over the longer circuit is, of course, very much weaker than that 
received over the shorter one, and is subject to correspondingly more 
interference. For a transmitting power of about one kilowatt used 
in the tests, it was found that the circuit was rather consistently 
good up to LOO miles (160 km.) or so. During summer daylight 
condition, it was only fairly good at around 150 miles (240 km.), and 
at 200 miles (320 km.) was subject to so much interference that its 
insurance against interruption in service was small. Under more 
favorable conditions, particularly as at night, in the winter time, 
connections could be established over very much greater distances, 
but not reliably. 


FIELD STRENGTH MEASUREMENTS 


The circuit transmission measurements described above were sup- 
plemented during the latter end of the experiments by measurements 
of a more fundamental nature, namely, of the received field strength. 
These measurements represent the application to the ship-to-shore 
development program of what was really another investigation—that 
of the development of methods and apparatus for measuring field 
strengths at these relatively short wave lengths as well as for longer 
wave lengths. .The method and means employed will not be de- 
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scribed, since they will be the subject of another paper to be given 
before The Institute of Radio Engineers shortly by the engineers 
immediately responsible for this development. Field strength meas- 
urements will be discussed, therefore, only in so far as the results 
obtained apply to the ship-to-shore type of system. 

The first measurements which were made are given in Fig. IS. The 
show the variation in the strength of field received from the S. S. 
Gloucester during the same trip as the circuit measurements of Fig. 14 
were taken. The fact that the transmission is considerably better 
to the northeast from Deal Beach than when the vessel is south is 
rather strikingly in evidence. The dash-line curve is for the Austin- 
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Cohen formula and shows that the field strength versus distance 
relation checks that formula for these relatively short wave lengths 
when the path of transmission is practically entirely over sea. The 
absorption coefficient is obviously greater when the path of trans- 
mission has a relatively large component skirting along the coast 
line. The curve shows also that the vessel was picked up and the 
circuit ‘‘made” on this day at a field strength of about 400 micro- 
volts per meter, then increased as the vessel came nearer and passed 
the land station to a value of 2,200, and that the circuit was “broken” 
on about 200 micro-volts. The results of another measurement made 
at the off-shore course of the vessel are given in Fig. 19.) A larger 
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portion of this curve is for straight-out-to-sea transmission where the 
attenuation law is seen to be normal. 


In the field strength measurements made during the ship-to-shore 
development, those of the S.S. America en route across the Atlantic 
are especially illuminating. The results are given in Fig. 20. The 
vessel was in-bound so that the curve develops from the right to the 
left, altho the effect is just the same as if it developed in the reverse 
direction with the vessel out-bound as was shown by another set of 
measurements which gave generally similar results. The actual 
measurement results are indicated by the points and by the con- 
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necting heavy line curve. The light curve A is a plot of the Austin- 
Cohen formula, the absorption term of which is for daylight: trans- 
mission over water. The light curve B is a plot of the simple inverse- 
with-distance law without any absorption term. 


This curve shows up the following important factors: 


1) The enormous variation between day and night in the received 
field strength which occurs at distances of the order of 1,000 
miles (1,600 km.) using wave lengths of 350 to 400 meters as 
now emploved in broadcast transmission. The curve shows 
night to day variations of the order of LOO: or a power ratio 
of 10,000:1. This means, for example, that it would require 
10,000 times more power to “get thru’ as well during the day 
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as during the best times at night. These enormous dav to 
night fluctuations are now familiar to broadcast. listeners 
This curve shows the impossibility of giving continuous ship 
to-shore telephone service at these relativeis short wave lengths 
for distances as great as 1,000 miles (1,600 km For such 
distances much longer wave lengths will be required, as well 


as more sending power. 
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(2) The wide fluctuations which occur thruout the night: period. 


Altho smaller than the day to night fluctuations, their effect 
upon transmission is still very large. The fluctuations during 
the third night out, for example, are as much as 10:1 in field 
strength or LOOcL in power, or about 20 of the power ratio units 
we have used above. In view of the rapidity with which these 
Huctuations occur within a very few minutes it is practicalls 
Impossible lo al circuit under these conditions satis 


factory for regular telephone service 


The most interesting thing to observe is that the fluctuations 


tend to fall within the two curves \ and B. The dav trans- 
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mission is a pretty definite proposition, following closely the 
Austin-Cohen formula. The night transmission appears in the 
nature of a‘ bob-up”™ from the day condition but seems to be 
limited in the extent of its ‘“‘come-back”’ by the loss imposed 
by the simple inverse-with-distance law. The fact that the 
difference between curves A and B is entirely one of absorption 
suggests that the very large and rapid night fluctuations, 
which are now so well known to broadcast listeners, may be 
explained in large part if not in whole, by variations in atmos- 
pheric absorption. 


OCCASIONAL LONG DISTANCE TRANSMISSIONS 


Many of the long distance records which have been made on short 
waves and low power can be accounted for simply on this basis 
that the absorption which ordinarily obtains during daylight has 
been temporarily wiped out. The way in which it is possible for the 
range to “open up” tremendously under exceptionally favorable 
conditions will be seen from this: Referring to Fig. 20, assume that 
the normal daylight range between S. S. America and New York was 
250 miles (400 km.) as fixed by a limit taken as 200 micro-volts per 
meter. Then, at night, this same field strength may be delivered over 
a distance of about 700 miles (1,100 km.) if the abserption is wiped out 
in accordance with curve B. 

Furthermore, so favorable is the simple spreading-out law at such 
distances, that the field strength is only halved in going another 700 
miles to 1,400 miles (2,200 km.) and only halved again in doubling 
this distance to 2,800 miles (4,500 km.), and so on. In other words 
under no-absorption conditions, by increasing the receiving radio 
frequency amplification by a current ratio of only '3X&!2=!4, or 
about 12 power radio units, the range of transmission may be increased 
from the reliable daylight range of 250 miles (400 km.) to a possible 
night range of ten times this distance. It is therefore seen that 
many if not all of the long distance transmissions which have been 


> 


realized for short periods of time probably can be explained simply on 
the basis of there having occurred an exceptional clearing up of 
absorption at a time of unusually favorable interference conditions. 


SETTING UP AND OPERATING COMBINED RADIO-WIRE 
CIRCUITS 
The operating problems presented by the combination wire-radio 
telephone system are more difficult than those involved in the oper- 
ation of either a straight telephone toll line on the one hand or the 
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ordinary radio-telegraph circuit on the other. In regular long distance 


telephone circuits we have a fixed type of system which is maintained 
ontinually in good talking condition and the operators turn the 
terminals over to the use of the subscribers themselves. On the 
other hand in a radio telegraph circuit operating between land and 
vessel the circuit is kept entirely in the hands of skilled operators 
who have access to the apparatus and who handle the traftic dire: tly 
between themselves. In no case before have we had the requirement 
of taking a radio link of varying length, building it up as occasion 


SETTING UP A TELEPHONE CONNECTION 


SUBSCRIBER CENTRAL LAND STATION SHIP STATION 
1- 600M. Telegraph Callin 


— ‘9 
= 
2- Radio-Phone Trunk Established 


3- Calling Information Passed 


4-Land Operator Sets up Wire Circuit 


5-Land Openator Connects Thru and 
Ship Operator Talks with Subse: 


oer 


6-Cail Completed Ship ana Land 
Subscribers Talk 


requires with wire circuits and, upon call, putting the combined 
system at the disposal of people experienced only in the use of the 
regular telephone. The technical difheulties of the combination 
system, together with the necessity of coming as close as possible to 
meeting telephone standards in the quality of talk given, greatly 
reduce the length of the radio link which can be used for a service 
as compared with those distances which can be spanned for short 
periods of time under the most favorable conditions. The effect 
which the requirement of reliability has in reducing the range of 
transmission will be appreciated from the discussion of field strength 
measurements. 
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There are various ways in which the combination circuit can |) 
set up and operated and it will take further experience befor 
the most satisfactory arrangement is determined upon. In orde 
to explain the operation generally, however, we will describe how th: 
circuit was actually set up during the tests. Take the case of a cal 
originating on the vessel; then the procedure is as illustrated it 
Fig. 21, namely: 


1. When the ship comes within range she calls the land station by 
telegraph on 600 meters, and informs the land station of her 
message business. 


2. The land station then assigns a pair of telephone channels to 
which both stations switch over and the circuit tested out for 
talking. In case of important long distance land line connec- 
tion, this test may involve circuit: transmission measurements. 


3. The ship operator then passes to the land operator by voice (or 
by tone modulation telegraph) the information as to the con- 


nection desired. 


1. The land operator then tells the ship operator to stand by while 
he switches to the wire circuit and passes the call to the telephone 
central, who in the case of a local call is a local operator (actually, 
for this case, she was the operator on the Cortlandt Offetal 
Board of the American Telephone and Telegraph Company at 
New York; or in the case of a long distance call is a toll operator. 


». The land line connection is made in the usual way and the shore 
station radio operator greets the land line subscribers. 


6. The shore station operator then joins together the land line and 
the radio link thus connecting the land subscriber with the ship 
operator, who proceeds to tell the subscriber that this is the 
steamship so and so and that Mr. Blank wishes to talk with 
him. While this is going on, the land operator is monitoring 
on the circuit and makes such final adjustments of the amplifica- 


tion as may be necessary. 


The ship operator then summons the ship subscriber and the 
latter takes up the conversation, 


The handling of calls originated by the laad line subscriber presents 
amore difficult operating problem because of the uncertainty as to 
the radio link ait not being known whether it can be established 
and, if so, as to how long a wait will be involved in getting the con- 
nection, During the tests, most of the calls originated in New York 
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irea. For these cases the land subscriber was connected to the Deal 
Beach station and there the call was put thru directly to the ship in 
ase the radio telephone circuit was available. When not available. 
information as to the call was recorded by the radio operator and the 
telephone circuit released for the time being. The call was then com 
pleted by first setting up the radio link and then calling back the 
initiating subseriber. It is obvious that the giving of commercial 
service will involve: first, the ascertaining of whether or not the 
vessel is within range; second, the “lining up" of the radio link pre- 
paratory to the thru connection; and third, the building up of the land 
line connection back to the calling subscriber and the making of the 
thru connection. Many detailed variations are possible in the pro 
cedure and the determination of the best operating methods will have 
to await upon experience obtained in actually giving service 


In order to become familiar with the problems involved in main 
taining the ship-to-shore system in operation, a series of operating 
tests were carried out for a period of about three months, starting 
in January, 1921, and operating between Deal Beach station and the 
S. 5. Gloucester. In accordance with a pre-arranged schedule (un 
known to the engineer-operators), calls were entered by a considerable 
number of Bell System engineers in the vicinity of New York, and 
calls were initiated from the vessels also by the opening of sealed 
envelopes carrying instructions to call one or more parties on shore 
Fig. 22 is a facsimile of the message form or “ticket” used in the 
operating tests. The table below gives a representative record sheet 
recording the calls which were made on a partciular day and also the 
time which elapsed in putting each one thru. These data, of course, 
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are not especially representative of what can be done with a system 
after it has begun smoothly in commercial service, but are inter 
esting in giving a general idea of the way the system worked and in 
showing that calls were successfully put thru in a reasonably short 
time. In the aggregate a large number of calls were made, and as a 
result the system was put to a fairly severe operating test. It was 
found, as was to be expected, that the time required to put thru the 
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radio connections to the vessels is large in comparison with the con- 
necting time on the wire lines, and will require that precaution to be 
taken in the operating routine to minimize the time during which wire 
circuits are held up pending connection with the radio link. (The 
wire circuits used in the tests appeared in New York on a busy P.B.X. 
(private branch exchange) and did not receive the operating attention 
that they would in regular service.) But even tho the radio holding 
time was larger than the usual wire time, it is in itself rather surpris- 
ingly good considering the difficulties which attended this maiden 
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iperation of telephone circuits to ships and must be regarded as full 
of promise for the extension of telephone service to the highways 
of the sea. 


Tests OF THREE-CHANNEL OPERATION 


Of course, any comprehensive ship-to-shore radio telephone system 
must be capable of establishing a number of telephone connections 
from a common land station to a number of ships. The Deal Beach 
experiments, therefore, had as one of their objectives the trying out 
of multi-channel operation. These tests were conducted during the 
fall of 1920 and thru January, 1921, with the S. S. Gloucester and the 
S. S. Ontario. A third boat was simulated by a small-power experi- 
mental set installed at the Cliffwood, New Jersey, experimental 
station. The three channel operation is illustrated diagrammatically 
in Fig. 23, which also shows the scheme of frequencies. The three 
channels transmitting from Deal Beach were grouped in one frequency 
range, spaced 30,000 cycles apart. The frequencies transmitted from 
the ships and received at Deal Beach were grouped in another fre- 
quency range removed 30,000 cycles from the first and having fre- 
quency intervals likewise of 30,000 cycles. Transmitting and receiving 
channels differing by 90,000 cycles were paired in the manner indicated 
to form two-way circuits. , While it is possible to squeeze channels 
together more closely than this, it was not desired on the experiments 
to go to the limit of frequency squeezing, particularly because of the 
severe selectivity requirements imposed upon vessel equipment. 
These frequencies represented a fair balance between technical per- 
fection on the one hand and practically realizable conditions on the 
other. It will be seen that the set-up was really a four-channel 
system, with the fourth channel used on 600 meters for calling pur- 
poses. Under these conditions three conversations were carried 
on successfully from the single land station, two to actual ships and 
one to a “dummy” ship at the Cliffwood experimental station. 


EQUIPPING OF S. S. “AMERICA” 


The primary development work of the ship-to-shore system was 
carried out, as described above, in conjunction with coastal vessels. 
Such vessels were chosen because the rapidity of their turn-round 
gave much more frequent test periods than could be obtained by means 
of vessels pursuing a longer route. It remained, however, to equip 
a trans-oceanic vessel and connect her into the telephone system. 

In 1921, the development tests of ship-to-shore telephony were 
extended to include the General Electric Company and the Radio 
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Corporation of America. The engineers of these companies built 
ship set similar to that developed in the work described above, bu 
of a more commercial design, and installed in on the S. S. Ameri: 
in January. 1922.4 During the succeeding few months, tests wer 
made between the S. S. America and the shore, and on a number 
these trips connections were put up to various interested partie- 
around New York when the ship was within about 300 miles (480 km. 
of the Deal Beach station. Of course, the America was carried out 
much farther than this at night, but the circuits were not sufficiently 
reliable to be used in connection with the land lines as will be appre- 
ciated from the field strength measurements given above. 

A photograph of a portion of the installation on the S.S. America 
is reproduced in Fig. 9 above. The talking tests made with the 
America were the occasion of much interest on the part of the listeners 
in, and several of the demonstrations which were given the subject ot 
newspaper accounts and need not be described. The more technical 
phases of the tests with the S.S. America are (a) the field strength 
measurements, and (b) the simultaneous telegraph tests discussed 
below. 


SIMULTANEOUS TELEPHONE AND TELEGRAPH OPERATION BETWEEN 


SHIP AND SHORE 


During the experiments with the Steamships Gloucester and Ontarto, 
the radio telephone transmissions were carried on alternately with the 
conduct of the regular radio telegraph service of the vessels. Simul- 
taneous Operation was impossible because the vessels were equipped 
with spark transmitters. While this arrangement of having to 
switch between either telephone and telegraph operation is permissible 
for small vessels where the communication load is light, it is, of course, 
not satisfactory for large trans-oceanic vessels where the message 
business may be such as to require practically continuous operation 
on the part of both services. 

Recognizing, therefore, that one of the problems attending the 
successful application of radio telephony to large vessels is that of 
simultaneous telephone and telegraph operation, tests of such trans- 
mission were conducted in co-operation with the Radio Corporation 
of America from the S. S. America. These were made during Febru- 
ary and March of 1922.) On the land ends, the two radio circuits 
terminated at different: stations, the telegraph at the Bush Ter- 


‘See article “Duplex Radio Telephone Transmitter,” by Baker and Byrnes. 
General Electrical, Review, August, 1922. 
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inal, New York City station of the Radio Corporation, and the 
elephone at our Deal Beach, New Jersey, station. The telegraph 
ransmitter was of the continuous wave, vacuum tube type manu- 
factured by the General Electric Company. The telephone and 
telegraph sets used individual antennas on the ship. 

Altho certain apparatus dithculties were experienced aboard the 
vessel because of the short notice at which the tests were made, 
nevertheless the tests were successful and demonstrated that a tele- 
phone set can be made to operate simultaneously with a suitable C. W. 
continuous wave) telegraph transmitter. The final solution of this 
problem of simultaneous operation, however, will undoubtedly require 
further work in co-ordinating the two types of systems, in order to 
permit them to be operated on wave lengths relatively close together 
During the tests, the wave lengths were widely different, the telegraph 
operating on about 2,100 meters and the telephone on about 375 
meters. ‘The work done at Deal Beach in the development of multi- 
plex telephone operation, where three telephone channels were oper- 
ated in the vicinity of 400 meters and a fourth channel was operated 
for telegraphy at 600 meters, demonstrates that it should be feasible 
to operate telephone and telegraph channels simultaneously on closely 
adjacent wave length bands. However, in determining wave length 
allocations, these limiting factors will have to be considered: first, the 
greater susceptibility of the telephone to interfering noises, such as 
beat tones, and second the fact that the telephone requires two bands 
one for each direction of transmission and that these bands are re- 
quired to be spaced a little apart in frequency. [t ts obvious that 
by controlling both types of channels from the same station they 
can be better co-ordinated in respect to frequency and general service 
use than if operated from separate stations, so that combined. tele- 
phone-telegraph shore stations present interesting possibilities for the 
future. 

Another method of operation, and one which requires fewer wave 
lengths, is that of superimposing the telephone and telegraph channel 
on the same carrier wave after the general manner of compositing 
long distance telephone lines with telegraph. This can be done by 
combining the two channels on one circuit as is done in wire practice 
and then modulating the combined channels upon the radio carrier. 
At the receiving end both channels can be detected simultaneously 
and then the channels separated by composite sets or filters. This 
method is mentioned to show the ultimate possibilities of combined 
operation and is not put forward as one which is sufficiently practical, 
all things considered, for use in the art of the immediate future. 
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Rapio LINKED WITH TRANSCONTINENTAL LINE AND 
CATALINA ISLAND 


The ship-to-shore radio link was on several occasions connected 
with very long distance circuits in order to demonstrate the extrem: 
conditions under which combined radio and wire operation are pos 
sible. 

Perhaps the most interesting case is that in which the ship was 
linked up with the transcontinental telephone line and connected thru 
to Catalina Island in the Pacific thus bringing together the two 
oceans. The circuit arrangements for one of these demonstrations 
are given schematically in Fig. 24. Both the Deal Beach and Green 


TRANSCONTINENTAL LINE WITH RADIO EXTENSIONS 


Fres 
g Long Beach 
\ 
, \ 
Fig. 24 


Harbor shore stations were used, since it was desired to reach the 
ship anywhere on her course from Boston to the Delaware capes. 
The demonstration was, therefore, also an example of connecting 
the ship into the land telephone system thru either of two shore 
stations. Asa matter of fact, at one time the vessel could be reached 
thru both stations. It happened that the vessel was coming up the 
coast. The night before the demonstration the ship was communi- 
cated with thru the Deal Beach station and connected thru to Catalina 
Island for a rehearsal. For the demonstration of the following morn- 
ing, connection was made thru Green Harbor. During both the 
rehearsal and the demonstration the operator on the vessel talked 
successfully, altho with some difficulty, with the Catalina Island 
operator, while New York listened in. This demonstration was 
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made for General J. J. Carty on February 14, 1921.) An earties 
demonstration of a similar nature, although not involving Green 
Harbor, was made for the delegates of the Preliminary International 
Communications Conference on October 21, 1920. 


CONCLUSIONS 


The results of this development may be summed up as follows: 


(1) It has realized a radio-telephone system capable of giving 
two-way transmission and meeting the requirements imposed 
by joint radio-wire operation. 

(2) It has demonstrated the actual use of this radio-telephone 
system in a wire-radio toll circuit as a means for extending the 
telephone service of the country to include vessels at sea. 

(3) The experiments have demonstrated also the practicability of 
multi-channel operation from a common land station whereby 
a number of land subscribers may be connected simultaneously 
to a number of different vessels. 


(4) The transmission and operating tests show the difficulties 
attending the establishment and maintenance of the radio- 
telephone link to a moving vessel and the necessity for careful 
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adjustment of the transmission conditions of the circuit: ane 
tor a diligent maintenance of these adjustments during oper- 


ation, 


5) In the experiments in multi-channel operation and in simul 
taneous telephone and telegraph transmission from the same 
vessel, a beginning has been made in one of the most important 
problems concerned with the early application of radio telephony 
to the marine service, namely, that of the co-ordination between 
radio-telegraph and radio-telephone transmission. It is obvi- 
ous that the general development of the art of selective trans- 
mission, as well as the entrance of radio telephony, calls for 
the use of purer carrier waves and of a minimum transmission 
band in radio telegraphy. 


6) As regards the important question of wave lengths, the develop- 
ment has shown that the relatively short waves employed in 
the experiments are satisfactory up to several hundred miles 
but that for longer distances longer wave lengths will be re- 
quired. The dithculty of obtaining for the marine service a 
wave length sufficiently wide for permitting the handling of 
anv considerable traffic is obvious. The band which can be 
allocated to this service will naturally be limited by the require- 
ments of other services; and the intensiveness with which this 
band can be worked by closing up the frequency spacing be- 
tween channels is limited by the consideration of intercom- 
munication between different types of systems and by apparatus 


expense. 


In general it may be said that the present development has con- 
tributed to the communication art the means whereby the universal 
land line telephone system may be extended to ships at sea. The 
actual giving of such service must await the working out of the econ- 
omic problems involved and the necessary business and organization 
arrangements between the communication companies and the steam- 
ship companies. 
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Mutual Impedances of Grounded Circuits 
By GEORGE A. CAMPBELL 


Synopsis: Formulas are derived for the direct-current mutual resistance 
and inductance between circuits grounded at the surface of the earth. For 
circuits composed of straight filaments, the mutual inductance is reduced 
to known Neumann integrals which involve only comparatively simple 
expressions for the case of horizontal, coplanar conductors above, below 
or on the surface of the earth. Numerical values for these integrals may 
be readily obtained from new and accurate graphs for straight filaments 
which meet at a point or start from a common perpendicular. It is shown 
that these new results supply a useful first approximation to the actual 
alternating-current mutual impedance of grounded circuits, when the fre- 
quency and extent of the circuits are not larger than occur in many prac- 
tical applications. 


1. INTRODUCTION 


HE important discovery of the possibility of using the earth 

as the return conductor for electric telegraphic communication 
was announced by Steinheil in the Comptes Rendus of September 10, 
1838, and throughout the entire development of telegraphy grounded 
circuits have been extensively employed. Considering the extensive 
application of such a capital discovery extending over a period of 
85 years, it is surprising that so little is known quantitatively about 
grounded circuits. We have, however, long known that conditions 
are not of the extreme simplicity pictured under the early view that 
the earth acts as a reservoir presenting no resistance to the return 
current and introducing no interference between parallel returns. 
This view was expressed in 1857 by Bakewell as follows: ‘‘There is 
no mingling of currents, the electric current of each battery being 
kept as distinct as if separate wires were used both for the trans- 
mitted and the return currents. It would indeed be as impossible 
for the separate currents transmitted from the two batteries to be 
mingled together as it would be for the written contents of two letters 
enclosed in the same mail bag to intermix.” 

Measurements made a few years ago of the mutual impedances 
between grounded circuits which are restricted to a territory six miles 
square, at frequencies of 25 to 60 cycles per second, showed that within 
10 per cent. the mutual reactance increased in the same ratio as the 
frequency. It was inferred that the effective inductance under the 
conditions of these tests was approximately the same as for direct 
current, or in other words, the incomplete penetration of the alter- 
nating currents into the earth was not of controlling importance in 
tests upon this scale. 
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This led to my making a theoretical investigation of the mutua! 
inductance between direct-current grounded circuits which did, in 
fact, show that the calculated numerical results are in reasonable 
agreement with these actual experimental data. It is the purpose of 
this paper to describe this work; the mathematical discussion of the 
theoretical corrections for the incomplete penetration of alternating 
currents into the earth will form the subject of another paper. 


2. DISTRIBUTION OF CURRENT, POTENTIAL AND MAGNETIC FORCE 
WITH DrIRECT-CURRENT EARTH RETURN FLOW 


On the assumption of an infinite earth of uniform resistivity the 
lines of flow and the equipotential surfaces for a direct current / 
entering the earth at a point source at A and leaving the earth at a 
point sink at B, both A and B being on the surface of the earth, 
assumed flat, and the distance A B=2b, are given by the equations,! 


=} (cos 6; —cos 83) 


(1) 


(2) 


bp cos@ ..b. 
r 
where C is the total current flowing in the earth, from the source at A 
to the sink at B, outside the current sheet of revolution defined by (1); 
and V is the potential, with respect to the midplane, upon the equi- 
potential surface of revolution defined by (2). 

These equipotential lines and stream lines are identical with the 
equipotential lines and lines of force for a uniformly magnetized 
filament. The formulas may be checked by regarding the return 
flow from A to B as being due to the superposition of two flows, a 

1 The coordinates used in this paper (x1, y, 2), (X2, y, #), (x, y, #) and (fi, 61, $), 
(r2, 02, @), (r, 8, @) are rectangular and spherical coordinates with origins at A, 
and the midpoint of 4B, respectively, the direction AB being the polar axis or posi- 
tive x-axis in all cases, z being vertical, and ¢ being measured from the earth's 
surface in the*plane perpendicular to AB. 
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return flow of direct current J from the point A to some infinitely 
distant point and a second return flow of direct current J from this 
infinitely distant point to the point B. For these component flows 
the current diverges from A or converges towards B radially and 
with equal intensity in all directions in the earth; the total current 
for one of the component flows flowing through any surface in the 
earth will thus be equal to J 27 times the solid angle subtended at 
A or B, respectively, by the boundary of the surface, since the entire 
solid angle filled by the earth at a point on the surface is 27. The 
total radial flow from A through the lower half of the circular cone 
having its axis in AB, the elements of the cone making the angle 
6, with AB, is }J(1—cos 6;); similarly, the total radial flow toward 
B through the lower half of a cone with the angle +—# will be 
47(1+cos 6.). For the combined superposed flows the total current 
flowing through the semicircle in which the cones intersect is. the 
sum of these two values or 3/(2—cos #,+cos 4), from which (1) 
is immediately obtained, since the total current flowing in the earth 
from A to Bis J. This assumes that the semicircle lies between A 
and B, but the same formula holds for the entire current sheet of 
revolution. The lines of flow in the earth are symmetrical about AB 
and lie in planes through AB, since, in the earth, both component 
flows are symmetrical about AB. 

For the component flows the equipotential surfaces are hemispherical 
and, since the resistance of a hemispherical shell of radius r, thickness 
dr, is pdr/2rr*, the potentials at distances 7; or ro from A or B, re- 
ferred to the potential at infinity, are Jp 277; or —Ip 27rs, respec- 
tively, from which equation (2) follows by addition. 

Fig. 1 accurately reproduces the flow and equipotential lines as 
given by formulas (1) and (2). At the midpoint of a line of flow its 
distance from each electrode is r;=r2.=67 C and it may be shown 
that every other point of a line of flow is at a still shorter distance 
from the nearer electrode. It follows, for example, that less than 
1/10 of the total current reaches, in its flow through the earth, any 
point lying at a distance greater than 54B from the line AB connect- 
ing the electrodes. 

If a uniform radial flow of current 7 in the horizon plane con- 
verging on the point A is combined with the uniform radial flow 
in the earth outward from A, we have a closed flow which is sym- 
metrical about the vertical axis through A. Below the horizon 
plane the magnetic lines of force will be horizontal circles and the 
magnetic force at any point distant 7; from A, @ being the angle 
included between r; and the nadir, is H=2/(1—cos a) (rysin a) 
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=2/ r, tan 2). Above the horizon plane there is no magnetic 
field, since any magnetic lines of force are, by symmetry, horizontal! 
circles and the intensity is zero, since there is no current threading 
any horizontal circle above the surface of the earth. 

Superposing this closed tlow and a similar closed tlow through B 
from the earth to the horizon plane, we obtain a closed flow from A 


Fig. 1 —Flow and equipotentia! lines on the jearth’s surface for an earth return flow 

from 4 to B. C/J is the fraction of the current flowing in the earth outside the 

flow surface of revolution; VJ is the resistance to the flow of the portion of the 

earth lying between the equipotential surface of revolution and the mid or zero po- 

tential plane, if the earth’s resistivity is p=22. The flow and equipotential lines 

through each point on the dotted curve are perpendicular and parallel, respectively, 
to AB 


to Bin the earth and back from B to A in the horizon plane. The 
magnetic field for this closed flow, being the sum of the magnetic 
fields for the component flows, will be zero above the horizon plane, 
while below it will consist of lines of force in horizontal planes. This 
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result also applies to any closed flow which does not extend above 
the horizon plane and may be resolved into any number of com- 
ponent flows, each of which is radially symmetrical about a vertical 
axis. 
3. RESISTANCE OF GROUNDED CIRCUITS 

By definition, if e.m.f.'s E and e in grounded conductors AB and 
ab produce the currents / and i7=0 in the conductors, the mutual 
impedance between the two conductors is e /. In the present case 


we are dealing with direct current and thus the mutual impedance 
is a mutual resistance Q, and by (2) its value is? 


Ab 


—2dUdut+dVdv+dWdw 
R* 


(3) 


p cos (6;—e€) cos (@e—e) 
= 1 ds. 


Qn. re 

The third form of (3) shows that the mutual resistance falls off 
as the inverse third power of the distance between grounded circuits 
when this distance has become large compared with the length of 
these circuits between grounding points. 

The first form of (8) shows that the mutual resistance between 
grounded circuits does not depend upon the location of the conductors 
but only upon the location of the terminal grounding points A, B, a, d. 

The mutual resistance for the case p=2z7 is obtained from Fig. 1 
by taking the value of V J at the point corresponding to a reduced 
by its value at the point corresponding to 6; if b is anywhere on the 
center line, for which V7 =0, the diagram gives directly the value of 
the mutual resistance. Employing ordinary units the diagram gives 
the mutual resistance directly in ohms if AB=1 mile and the earth 
has a resistivity of about one million ohms per centimeter cube (more 
exactly 1.011 10°) which is its actual order of magnitude. 

2 In addition to the earlier notation there are employed in the different expressions 
for formula (3), and also in formula (5) below, the following: R is the distance be- 
tween two elements dS and ds of any two paths extending from A to B and a to b; 
the rectangular projections of these elements along and perpendicular to R are dU, 
dV, dW and du, dv, dw, the two sets being parallel and with the same positive direc- 


tions; 0, 62, « are the angles which r,, 7; and ds make with 4B, when the path ad 
lies in a plane with A and B. 
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4. NEUMANN INTEGRALS FOR RETURN FLOWS 


The required mutual inductances of grounded circuits will be found 
by means of the Neumann integral 


N= (cos e r)dl dS di ds 


extended over every current filament in both flows. Since the earth 
return portions of the two flows are independent of the flows in the 
arbitrarily located conductors on the earth's surface, it is convenient 
to divide the Neumann integral into four partial integrals which in- 
volve either no return flow, one return flow or both return flows ac- 
cording to the following formula * 


N(2X- = NExtNEe 
= by Table I, 
= (4) 


Checking the entries of Table I may be accomplished without per- 
forming more than two integrations. It will be convenient to make 
the integrals somewhat more general than is required in checking 
the table and find Ny, and Nz’, where 4 is any flow in space from 
A to B, which need not be coplanar points with the terminals a and } 
of s, and 2” is any flow in a plane parallel to the horizon plane be- 
tween terminal points A’ and B’. 

Consider first the part of a space return flow s which is radial from 
a in connection with an element dS on any filament of current d/ 
of a flow # from A to B. The component dx of dS along the line x 
from a to ds is the only component which need be considered, since by 
symmetry the normal component contributes nothing to the Neumann 
integral. As the total radial flow is to be taken equal to unity, the 
amount flowing out through a ring, taken as the volume element, 
lying between the spheres of radii s and s+ds and between the cones 
making angles 6 and 6+d6 with x will be } sin 6 dé. If this ring lies 
at a distance r from dS the Neumann integral will be 


Ba us S i 
N= dx f ds = =x?+ s*— 2xs cos 8, 
Aa 0 0 2r 


Ba oo (x+5) 
Aa “J \x—s 


> Each term indicates the Neumann integral for the pair of flows designated by 
the script letter subscripts, as explained in the note accompanying Table I. Both 
(2@—E&) and (*x—e) are arbitrary flows on the earth’s surface closed by earth return 
flows from A to B and from a to 4, respectively. 
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Ba 
=3f dx = }(Ba— Aa). 
Aa 


TABLE I 


~ 


Entries are the value of & in the formula NV =A for the Neumann integral between 
the specified flows, A= —Aa+Ab+Ba—Bb, or 2AB if A=a, B=), and points A 
B, a, b are all on the earth’s surface. 


Any surface =| 3) 4) 3] O 


2) 2 } 1 1 1 0 

Space return } 4} 3) 0 0 0 0 0 
Earth return =€ | 3; 3} 1) O| 3-3} 0 1 1 1 
Airreturn 3} O} 1/-} 3 0 } —} 1 —1 —1 
Nadir return 0} 3} 3-3) —3 1 2 
Zenith return=Z) 0} 3} 3-1 * —3} —3 1 —2 
Closed 0 O-1-3 3 0 

1); * 1 1 2 0 0 —2 

“ (E-of) | 2-2 —1 1 —2 2 2 


* Not of the assumed form and in general infinite. 


t Each type of flow is designated by a script letter. Any flow in the surface of 
the earth, assumed to be a plane, is designated by @& there being no restriction on 
the number of filaments of current but each filament must start from a common 
point, A, and extends to another common point, B.A special case of @ is H# the 
horizon return flow made up of two superposed uniform radial flows, from A to 
every point of the horizon and back to B. The space return flow, S, is made up 
of two superposed uniform radial flows, one outward in all directions from the point 
A and the other inward from all directions toward the point B. The earth return 
and air return flows, € and 7%, are similar except that the flows are uniformly dis- 
tributed over all directions in the earth and air, respectively. The nadir return 
and zenith return flows, Wand .Z, consist of two infinite vertical filaments from A 
and back to B by way of the nadir and zenith, respectively. Small script letters 
indicate similar types of flow with any independent terminal points, a and b. Dif- 
ferences such as (®%—S) designate closed flows; thus (2@—&) designates anv flow 
on the earth’s surface from A to B where it enters the earth and after spreading 
out uniformly through the earth returns to the terminal A, thus closing the flow. 
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To this is to be added the corresponding expression }(4b— Bh 
for the radial flow converging on ), giving the result 54. As the pat 
of the line of flow between A and B does not enter into the result 
it is immaterial whether the flow is confined to a single filament o: 
is spread out in any way whatsoever in space, provided only al 
stream lines extend from A to B, as assumed for #. Thus 


= 


To find Nar’, let r and s be the distances of any element dS of a 
line of flow forming a part of 2 from a and from any element of a 
plane radial flow from a, respectively, the projections of r and s on 
either of the planes being x and y, which include the angle ¢; s?>=y?+2°, 
r=x*+2°. The component of dS parallel to x will be dx and this is 
the only component which need be considered, since, on account of 
the symmetry of the radial flow, the normal component in the plane 
of flow contributes nothing to the integral. 


Ba x—ycos vdvd 


J 4a Jy 2x5 


l Peo cos @—2xy]" 
/ ds| @—sin"! 


y?—2xy cos @ Jy 


= Pas, 


“Aa 2 


since inspection shows that the two values of the definite integral 


27 and 0 are to be used for sSr respectively, and therefore 


Ba 
Ww / 
Aa Xx 


rdr 


A’'a 


B'a 
= [ r—slog (rte) | 
A’a 


Blat+s 


= (B’a—A'a) —2 log 
A’ats 


This is for the radial flow from a. Adding the corresponding expression 


= 
+ tu 
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for the radial flow towards }, we have finally for the complete integral 


Ba— Bb (A’a+z) (B’b+2)’ 


which becomes, if z=0, 
Nwa=A=N 


The first line of Table I can now be filled in at once since the in- 
tegrations have shown that the first two values of & are 1 and 4; the 
next two entries are also } since by symmetry Vaz=Nae=N az; 
N = since the nadir and zenith flows are perpendicular to 
the @ flow in the horizon plane. The remaining six entries in the 
first row are for closed flows which are expressed as differences be- 
tween the flows already considered, and the corresponding k's are 
the differences of the k's for the component flows. The first column 
of k's may also be filled in, the table being symmetrical, since inter- 
changing capital and small script letters leaves NV unchanged and 4 
is a special case of ~. 

The second row of the table involves only special cases of Ngy 
and only the values } and O occur. 

From the flows included in the table nine pairs of closed flows may 
be formed having zero mutual inductances, because one of the closed 
Hows of each pair has no magnetic field below the surface of the 
earth and the other closed flow includes no current above the sur- 
face of the earth, and thus there is no interlinkage of induction be- 
tween the two closed flows. The portion of Table I referred to is 
repeated in Table II, where the flows at the top are those for which 
any difference such as (4— 4) has no magnetic field below the earth's 
surface, just as (#—&) has no magnetic field above the earth's surface, 
as was proved above, while no flow at the side penetrates above the 
earth’s surface. 


TARLE II 
aA a z 
1 } 
} 0 } 


W 0 —} —1 


The top row of Table If includes only values of & already found, and 
the remainder of the first column follows from symmetry and the 
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fact that 4 is a special case of the general flow ». Any other entry in 
Table II is now found in terms of three of the entries in this border, 
thus 


and we have the interesting result Vgéq=0; the remainder of the table 
follows. 

The result Nyz=—A may be readily checked directly since it 
involves only the mutual Neumann integral between straight parallel 
filaments, and by using the expanded form of the integral for equal 
filaments beginning at a common perpendicular with opposite positive 
directions‘ the result can be written down at once. 

The important difference A which is utilized in Table I may be 
expressed in the following useful forms: 


A=(—Aa+4Ab+ Ba-— Bb) 


=— ff 454s 
| 


=2 f'sin sin ds, 


where the notation is the same as for formula (3) above. The third 
form of (5) shows that when the separation R is great the mutual 
inductance varies inversely as the first power of the separation. 


5. Muruat INpDUCTANCE BETWEEN GROUNDED CrrcuITs LYING ON 
THE SURFACE OF THE EARTH 


It has now been shown that for direct currents the mutual inductance 
between grounded circuits consisting of conductors lying on the surface 
of the earth and grounded at their terminals is equal to the mutual Neu- 
mann integral between the conductors alone, since in the complete Neu- 
mann integral for the closed flows the total contribution of those parts 
which involve the ground returns is zero. For low frequencies the 
effective inductance can differ but little from the direct-current  in- 
ductance, and it is therefore of practical importance to investigate 


* Mutual Inductances of Circuits Composed of Straight Wires. Physical Review 
5, pp. 452-458, June, 1915, formula (6). 
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the numerical magnitude of these Neumann integrals between grounded 
circuits. In order to visualize the magnitudes involved and supply 
means by which they may be readily calculated, a number of diagrams 
have been prepared for the important case of straight conductors. 


Fig. 4—Mutual Neumann integral between filaments forming opposite sides of a 

rectangle with unit separation. The dashed curves show the mutual resistance 

between the filaments if the circuits are grounded through the earth and its resistivity 

isp=2x. The numerator and denominator of the bracketed fraction on each section 

of the curve show the factors by which the vertical and horizontal scales must be 
multiplied for use on this section 


If the two straight conductors OA, Oa start from a common point 
O, the mutual Neumann integral is shown by Fig. 2; the curves give 
the locus of terminal a for constant values of the integral when the 
other conductor OA is the unit base. The Neumann integral between 


5 The necessary formulas are given in the paper loc. cit. Additional transforma- 
tions of these formulas are given in the appendix to the present paper. 
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any two straight filaments # and ~ having terminals A, B and a, } 
may be expressed as 


N&Rr= N40) — N(av) — N(Bay + (6) 


where V4.) stands for the Neumann integral between the two straight 
filaments, OA and Oa, beginning at O, the point of intersection of # 
and -, extended if necessary, and ending at the terminals A and a; thus 


10" 


0* 1 © 10? 10% we wf 


Fig. 5—Mutual Neumann integral between filaments forming opposite sides of a 

rectangle with unit separation. The dashed curves show the mutual resistance 

between the filaments if the circuits are grounded through the earth and its resistivity 
isp=2n. This is Fig. 4, but with logarithmic scales 


the integral between any two filaments which would intersect within 
a finite distance may be readily found after reading four values from 
Fig. 2. 

In the special case of parallel filaments Fig. 2 fails; the corresponding 
curves for this case are presented by Fig. 3, which assumes a unit base 
filament and a parallel filament starting at a point on the left hand 
perpendicular to the base. Differences will give the general case 
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of parallel filaments which do not start at a common perpendicular, 
which may thus be derived from Fig. 3. 

The mutual Neumann integral between any two parallel filaments 
may also be obtained by means of the formula 


N&Rr= — N(aa) + + Nios) — Nise), (7) 


where N,(4,) now stands for the Neumann integral between the pro- 
jections of Aa on # and ~-, extended if necessary, the projections 


T T T T T T 
40 -09 -08 -07 -06 -05 -04 -0O2 -0i O2 OS O04 OS C6 OF O8 OF i. 


Fig. 6—Contour lines of the mutual Neumann integral between a counter-clockwise 
small loop on the surface of the earth, per unit area, and a straight grounded filament 
AB of unit length 


having the same or opposite positive directions in agreement with 
Aand ~ This formula for the mutual Neumann integral presents the 
advantage of requiring on'y a single entry diagram, which is supplied 
by Fig. 4 and on a logarithmic scale by Fig. 5. 

The mutual. inductance may be required between a small, closed 
loop lying upon, but insulated from, the surface of the earth and a 
straight grounded conductor. The value depends upon the location, 
area and assumed positive direction around the loop, but is inde- 
pendent of the shape of the loop. Contour curves for the mutual 
inductance per unit area of the loop are given by Figs. 6 and 7; the 
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positive direction around the loop is counter-clockwise; the straight 
grounded conductor AB of Fig. 6 is of unit length while in Fig. 7 
grounded terminal B alone appears, terminal A being at an infinite 


Fig. 7—-Contour lines of the mutual Neumann integral between a counter-clockwise 
small loop on the surface of the earth, per unit area, and a straight grounded filament 
of infinite length 


distance to the left. These curves show the vertical component of 
the magnetic field due to unit current in AB. The formulas employed 
for AB=1 and infinity, respectively, are * 


dxdy~ 
d?N y 1 ‘ 

dxdy Yo tan 262. (9) 


Large loop mutual inductances may be calculated either by inte- 
grating the value of —d?N/dxdy over the loop or by integrating the 
value of dN ds around the boundary. If the boundary may be ap- 
proximated to by a broken straight line, the curves of Figs. 3 and 3 
may be employed. 


‘These formulas may be derived by differentiating (8) of the paper loc. cit., 
dN/dx =2 tanh —![4B/(de+sB)], with respect to y. 
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6. Murtruat IMPEDANCES FOR CONDUCTORS LYING ON THE SURFACE 
OF THE, EARTH 


In order to arrive as directly as possible at a concrete numerical 
idea of the magnitudes and angles occurring in the mutual impedances 
encountered in engineering work, we may advantageously start with 
the following specific constants: 


Base Length (AB, OA or Aa) “ 1 Mile, 
Frequency of the Alternating Current. .... 1 Kilocycle, 


Resistivity of the Earth per Centimeter Cube. 1 Megohm, 
which are of the right order of magnitude and make the factors 


p (27 AB) =10° (27 0.1609 X 10°) =0.989, 
=27 0.1609 = 1.011, 


which are both equal to unity within about 1 per cent., so that the 
approximate resistance and reactance components of mutual im- 
pedances may be read directly from Figs. 1-8 without applying multi- 
pliers. On the other hand, when mutual impedances are required 
for other lengths, frequencies and specific resistances, the correcting 
factors are readily applied. The tangent of the angle of the mutual 
impedance is proportional to the frequency, to the square of the 
linear dimensions of the circuits and to the reciprocal of the earth's 
resistivity. 

Grounded circuits separated by a distance large compared with 
the dimensions of the circuits have a mutual impedance with negligible 
resistance component since ultimately this component varies in- 
versely as the cube of the distance by (3), whereas ultimately the 
mutual reactance varies inversely with the distance. 

For two parallel grounded conductors separated by one mile and 
forming opposite sides of a rectangle, the two components of the 
mutual impedance are shown by Fig. 5 for the assumed constants 
(approximately a kilocycle and a megohm). The resistance com- 
ponent of the mutual impedance is then always less than the reactance 
component; when the rectangle becomes a square, the mutual im- 
pedance angle is tan '1.595=57.9°. Reducing the frequency to 
0.627 kilocycles or reducing the side of the square to 0.792 miles or 
increasing the resistivity to 1.595 megohms would reduce this angle 
to 45°. 

Consider two straight grounded conductors AB and ad, the latter 
distance being small compared with the other dimensions of the 


4 
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system and assume that while ground a is fixed, ground 6 is rotated 
about a in a circle of fixed radius ab. This will vary the mutual 
impedance between the two grounded conductors. The reactance 
component will vary as the cosine of the angle between ab and AB. 
The resistance component will also vary as the cosine of an angle, 
measured, in general, from a direction other than AB. The maxi- 
mum resistance component will also differ, in general, from the maxi- 
mum reactance component. The locus of the mutual impedance 
obtained for all positions of ab will be an ellipse. The ellipse becomes 
a straight line when ground a lies on the bisecting normal of AB, 
for then the direction giving the maximum resistance component is 
parallel to AB and thus the same as for the maximum reactance com- 
ponent. The straight line limit is also obtained when ground a lies 
on the prolongation of AB in either direction, for the resistance 
component then has its maximum value in the direction opposite to 
AB. The maximum resistance component will be perpendicular 
to AB at the points on Fig. 1 where the C, J contour, if drawn, would 
be vertical. The locus of these points is 


At remote points on this locus y= +V2 x and the maximum resist- 
ance is negligible compared with the maximum reactance since the 
circuits are widely separated, while in the neighborhood of A and B 
it is the maximum reactance which is negligible compared with the 
maximum resistance. At some intermediate point the two maxima 
are equal, and, since they occur for directions differing by 90°, the 
elliptical impedance locus becomes a circle; and the mutual impedance 
between the two grounded circuits does not change in magnitude 
as ground 0b is rotated about ground a. For the assumed constants 
(1 mile, 1 kilocycle and 1 megohm) this point lies at distances of 
1.562 and 0.939 miles from the two terminals A and B, and its four 
possible locations are shown by the four small crosses on Fig. 1. 

If a is rotated counter-clockwise about AB, the direction giving the 
maximum resistance component also rotates counter-clockwise, making 
two complete revolutions, while the ground a@ makes one revolution 


about AB. 


7. EQUIVALENT GROUND PLANE 


To a first approximation the direct-current mutual inductance 
between two straight conductors AB and ab, forming opposite sides 
of a rectangle on the surface of the earth, at a separation Aa which 
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is small compared with the length AB is, by (25) of the appendix, 
neglecting the first and higher powers of 1 5,7 


2 4B 
N=2AB log 2A B log 


(11) 


Aa 


This expression has the form (2 / log s_r) of the commonly emploved 
mutual inductance formula for two long parallel conductors, each of 
length /, separated by distance r, the common return being a perfectly 
conducting earth in which the image of each conductor is at the 
distance s from the other physical conductor. For our direct-current 
case, therefore, the effective distance to the images is about 3 of 
the length of either grounded conductor. Since this distance is by 
assumption large compared with the distance between the conductors, 
the images are approximately at this same depth below the actual 
surface of the earth, and the hypothetical perfectly conducting earth 
would be at one-half this depth, or 34B. The effective image dis- 
tance is necessarily directly proportional to the dimensions of the 
grounded circuits and independent of the earth's resistivity because 
the shape and relative distribution of the lines of flow are independent 
of the resistivity and of the length of the grounded circuits. Inspec- 
tion of Fig. 1 shows that somewhat over } of the return flow attains a 
distance 3AB from AB, while the remainder of the current remains 
closer to the grounded conductor. 

It may be inquired what would be the effect of confining both return 
currents to a thin uniform conducting layer on the earth’s surface, 
so that they become horizon return flows. For the closed flows 
(2-H) and (*—A4) in general and the particular flows (#@-#) and 
(7-4), where # and ~ are close parallel straight conductors, 


N (2-H) = Nate — 
= N2&w—A; 
N(R-H)(r—a) = N@r—2Ab+2Aa 


7 If the term 1/s = Aa/AB of the expansion is retained the equivalent ground plane 
has the depth (A B+ Aa)/e and thus becomes deeper as ab is moved away from AB. 
But the equivalent ground plane may be kept fixed at the distance AB/e from AB 
provided it is tipped at the angle sin-'2 e=47° so that ab moves away from the 
ground plane as it moves away from AB, If it were worth while, still closer ap- 
proximations might be secured by using a perfectly conducting cylindrical earth of 
suitable cross-section. 
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Thus, the assumption that the return current is confined to the earth's 
surface does not change the order of magnitude of the effective image 
distance, but reduces it from about { to about } of the length of the 
exposure. For space returns the effective image distance is 


2A B ¢*?=0.446 AB. 


Now take another practical case by assuming that the conductor 
ab is of negligible length compared with its separation r from the 
parallel conductor AB and the separation is, in turn, negligible com- 
pared with the length 4B. The formula for dN dx given in footnote 
6 shows that the required inductance depends only on the ratio 
AB (ri4+re) and is thus constant upon an ellipse. Equivalent ex- 
pressions in logarithmic form are 


N =2 ab log (2 cos 36; sin 30, (13) 
30 
=2ab log (‘ aN (14) 
or approximately 
N=2 ab log 4 if ab is opposite the midpoint of AB, (15) 


v=5|2 ab log : if ab is at distance beyond (16) 


Thus, from (13) the effective image distance is never greater than 
twice the geometrical mean distance from ab to A and B. Its maxi- 
mum value is approximately AB and occurs when ab is opposite 
the midpoint of AB. Its minimum value is approximately Vr24 B 
and occurs when ab is at the distance 72 from A or B in the prolonga- 
tion of AB. This makes the inductance one-half of what it is at the 
symmetrical position. Thus, wherever ab is placed, its mutual in- 
ductance with AB lies somewhere between 50 per cent. and 100 per 
cent. of the mutual inductance, due to an effective image distance 
AB, ab remaining always parallel to AB and the locus of ab being a 
rectangle with semicircular ends of radius 2, and centers A and B. 


8. IMPEDANCES OF GROUNDED Circuits DEPART 
FROM THE SURFACE OF THE EARTH 

Consider a system of conductors following any paths in space and 

insulated from the earth except at two grounding points on the sur- 


* The shortest distance from ab to AB might have been designated by a single 
letter in place of using y, ry and 72 in formulas (13), (15) and (16). 
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face of the earth. Any flow of current through this system of con- 
ductors may be divided into elementary filaments each of which is 
made up of segments beginning and ending at the earth's surface 
and not crossing the earth’s surface between these terminals. (Ground 
each segment at both ends. Let @ and @% designate segments having 
terminals A and B, @ (for example, an open wire circuit) never 
going below the surface of the earth and ® #for example, an under- 
ground cable circuit) never going above the surface of the earth. Add 
the underground flow % to Table I] at the foot of the left-hand 
column and, proceeding as before, 


2) (2-0) = N&e— 
or N%e=}\— Ne NWA, 
and similarly for the flow @ above ground, 
= 34+ = Nooa—3A. 
Hence the three cases which may occur give 


N = NWn NYw 


= N@Ww— N@a— NAwt 24, 
(1) 
= NWu + NWA + N 2A 
= N@u— N@n+NZu 
(13) 


The importance of these equations lies in the fact that the earth 
return flows are replaced by the simpler nadir, zenith and horizon 
return flows. If the conductors comprise only broken straight filaments, 
making any angles with each other and the earth, the required Neumann 
integrals, if we use the expressions involving the nadir and zenith returns, 
are the known expressions between straight filaments. Wf the conductors 
lie in horizontal planes with vertical ground connections, it is con- 
venient to employ the expressions involving the horizon return flows, 
since the required integral is (4a) derived above. Formulas (33)-(41) 
of the appendix are the resulting formulas for the three general cases 
and for a number of important special cases. 

In general we may say that the effect of changing the height of one 
or both conductors by an amount which is small compared with the 
length of the conductors will be relatively small, since the effective 
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image distance has been shown above to be of the order of the length 
of the conductors. To illustrate this fact, in Fig. 8 four dotted curves 
have been added to the curve of Fig. 5 showing the mutual induct- 
ances of the two parallel grounded conductors when they are in the 
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Fig. 8—Mutual Neumann integral between grounded filaments forming opposite 

sides of a rectangle with unit separation, on the surface of the earth (from Fig. 5) 

and between the same filaments when one or both of the filaments is raised above 
or depressed below the surface of the earth as shown by the insert 


four positions indicated by Ni, Ne, Ns and N, on the insert of Fig. 8, 
calculated by formulas (28)—(30) of the appendix, which are special 
cases of (35), (36), (39) and (40). When the conductors are long, the 
relative change in the mutual inductance is small. Depressing the 
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Fig. 9—Comparison of measured and calculated mutual impedances between the 


indicated circuit pairs. 
at its tail to the calculated impedance at its head. 
directions for these circuits are shown by Fig. 10 
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wires reduces the inductance; the curves show that in the case of 
N, the inductance passes through zero and is reversed in sign when 
s = 1.560. 

When the departure of the circuits from the earth’s surface may be 
neglected, all terms, but the first, on the right-hand side of formulas 
(17)-(19) drop out, and each reduces to the simple, fundamental 
grounded circuit formula (4). 


9, COMPARISON OF THEORETICAL RESULTS WITH MEASUREMENTS 
AT 25 AND 60 CYCLES 


Fig. 9 shows, by means of arrows, the impedances which must be 
added to each of a large group of measured 25-cycle mutual im- 
pedances to obtain the results calculated by means of the preceding 
formulas, on the assumption that the earth has a uniform resistivity 


Scale of Miles _ 


0 2 


K WBC+D+EF, but 
elevated 22f%. 

n > KHwithin a few feet 
vertically and horizontally 


Fig. 10—Location of test circuits, the arrow-heads showing the positive directions 
in the conductors. When circuits are combined in series, with the removal of 
intermediate grounds, the new circuit designation is shown by the equations. The 
test circuits 4, a and ¢are large metallic loops from which all grounds have been 
removed. The horizontal and vertical displacements of the conductor by a few feet, 
which render the indicated equalities for # and » only approximate, were allowed 
for in determining the calculated results for Fig. 9. The grounds of the capital 
letter circuits were isolated sections of single track about one mile in length; the 
midpoint of the section is shown as the effective ground but it may have actually 
been displaced and have varied with the moisture of the road-bed 
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of 0.5 megohm per centimeter cube. The measurements were not 
made for the purpose of this comparison, for which they are not well 
adapted, but they do give both components of the mutual impedance, 
which is the absolutely essential requirement. The geometrical 
irregularity of these circuits is shown by Fig. 10. This was com- 
pletely allowed for by making detailed computations after substitut- 
ing an approximately equivalent broken line for each circuit. The 
variability in the earth’s resistivity with location, depth and changing 
moisture content on different days could not be allowed for. The 
effect of buried gas and water pipes and of other grounded conductors 
was also necessarily neglected. 

The direct-current theory leaves but one arbitrary constant at our 
disposal after the frequency and the geometry of the circuits have 
been fixed. This constant is the earth's resistivity. By trial it 
was found that 0.5 megohm gave a good average agreement between 
the calculated resistance components and the entire set of measure- 
ments, only a part of which is included in Fig. 9. The individual 
discrepancies are large but are not so large as to be disconcerting, 
considering the variations in effective earth resistivity from place to 
place and from day to day during the progress of the tests. 

The calculated reactance component of the mutual impedance 
based on the direct-current mutual inductance is independent of the 
earth’s resistivity and is uniquely determined by the frequency and 
geometrical relations. Even a general agreement between the cal- 
culated and the measured reactances is significant and Fig. 9 shows not 
only this, but also a great many good individual agreements. The 
outstanding discrepancies for circuits © and @ are systematic, and are 
apparently to be explained by the effective grounding of these cir- 
cuits at some other points than the midpoints of the track sections. 
On the basis of this comparison, it appears that the direct-current 
theory proves itself adequate to give an approximation to the actual 
mutual reactances, provided the linear scale and the frequency in- 
volved do not greatly exceed those of these tests. 

Measurements were also made at 60 cycles. The resistance com- 
ponent remained roughly the same as for 25 cycles; the reactance 
component doubled as shown by Fig. 11; each component therefore 
agreeing approximately with the results which would obtain if the 
direct-current distribution is maintained. 

Other comparisons have been made with the same conclusion, but 
tests should be made, throughout a range of frequencies, at a locality 
where it is known that the conductivity of the upper layer of the 
earth’s surface is reasonably uniform so that the effect of the lower 
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layers may be determined. Small scale medels, having the proper 
propagation constant, could advantageously be used in determining 
the alternating-current impedances for uniform earth resistivity or 
any assigned distribution of resistivity. 
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Fig. 11—Comparison of measured mutual reactances at 25 and 60 cycles. A right 
line with the slope 2.0 fits the point somewhat better than a line with the slope 2.4 
which corresponds to the ratio of the frequencies 


10. SUMMARY 


Formulas for the direct-current mutual resistances and mutual 
inductances for grounded circuits on the assumption of uniform 
earth resistivity have been derived and useful diagrams prepared. 
The applicability of these results as a first approximation to many 
practical alternating-current cases has been shown. 

If, as I hope, this paper is free from ambiguities and errors, it is 
due to a thorough revision by Mr. R. M. Foster; and I am indebted 
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to Miss Frances Thorndike for the accuracy attained in the numerous 
curves of Figs. 1-5 and 8, which should make them of practical value 
in numerical calculation. 


MATHEMATICAL APPENDIX 


Additional mathematical results which have been employed in 
connection with the figures and discussion of this paper are brought 
together below for convenient reference. 


Formulas for Fig. 2 
2s=p+d+1,if OA=1, Oa=p, 
d?=1+ ?—2p cos 6, 


sin @=dsin (6+ 9), x 
/ ‘ x 

cos 6 = (2s—1)—2s(s—1),‘p, 
N&Rr _ 
“AB =f (p,0)=pf (p 

=cos 6 (lo +plo (20) 


=2cos# log =2cos@log (1+1/sin } 6), ifp=1, 


2+ 2+p. 
=} plogs log ifd=1, 


4 
=cos6l log —(1—p) log (1 | 


p(1+2p) 
+ 12(1—p)° + ...,forp<1, 
=cos B[p log p— (1+ p) log (1+ gq 
p(114+19p+11p?) ., 
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_ log ) 
2Qlog (l+p)—p/(1+ p) 
when 0=7 
=(), 1.564, « at p=0, 1, «, which checks the 
sharp curvature of the curves which cross 
the axis just to the left of the origin. 


Formulas for Figs. 4. and 5 


s=AB/Aa, 


N&R, 
2 =2s log +1) 
l 
2s l l 
| 
2 
ORr Aa (=) 
N Rr io log (s?+1), 
Aa = Aa 


(or Ni) _ 


= +2log 
Aa Aa 


Nis _ log (42+41)* 
Aa Aa (l++vs?4+2 )4 


241) 


= (radius of curvature 


(24) 


(25) 


(30) 


Formulas for the Mutual Inductance Between Any Flows in Two Hort- 


sontal Planes Grounded by Vertical Filaments 


Let the arbitrary flows be 27 and x’ between points A’, B’ and a’, b’ 


in the twe horizontal planes, grounded by vertical filaments connect- 
ing these four terminals with the points 4, B, a, > on the surface of 
the earth. In order to indicate brietly which of these eight points 


are involved in each term of the result, we imagine a vertical line 
which cuts the horizontal planes in the points P’, p’, P, p, where P 
and p are the same point on the surface of the earth, since the non- 


2 
‘ 
he 
(26 
26) 
(28 
9 
(29) 
Fe 
| 
4 
: 
vie 
| 


MUTUAL IMPEDANCES OF GROUNDED CIRCUITS 29 


primed points are all in this plane, and we agree that A’ or A occurs 
in a term, according as P’ or P is found in the subscript of the symbol 
A or FT used to designate the term, where 


App = —A’a’+A'l'+ Ba’ — 31) 


(A'b'+P'p’)| B’a'+P’p’) 
= +P’ p’) 


, 


In these expressions every distance between points, such as A’d’, 
P’p', isa positive quantity. The formulas below are perfectly general, 
but require the assignment of the capital letters 2”, A’, B’, P’ to the 
upper plane when both flows are above the earth and to the lower 
plane when both flows are below the earth. They are most readily 
checked by emploving formulas (4a) and (24) in formulas (17), (18) 
and (19). The results show that the mutual inductance is equal 
to the Neumann integral between 2” and «x augmented by terms 
which depend only upon the arithmetical distances between the eight 
points A’, B’, a’, b’, A, B, a, b. 


Niw-é bm P’p'T py +2Pp'lp; —Ap t + App, 
where P’p> Pp’, (33) 


(16)(Ba) .. 
+ 2Z log and p’ are 


both at height Z, (34) 


+2Z log (143°), if isa 
horizontal rectangle and 1B=s(Aa), (35) 


= + 2Z[log 
if A’ B’b’a’ isa vertical rectangle with one 
side on the earth and AB=s(A’a)=sZ, (36) 


N U—E)\(u—e) pl py pl p> —~2Pp'(I'p, Pp, 
— App +2Apyp+2Apy —3App, 
where P’p> Pp’, 37) 


(Aa)( Bb)(Ab’+Z)*( Ba’ +Z)" 
(Ab)( Ba)(Aa’+Z)*( Bb'+Z 
+4(Apy»—Ap,), if P’ and p’ are both 

at distance Z below the earth, (35 
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1+s?+F)* 
+8 (Aa) 
~V1+4+8£), if A’B’b’a’ isa horizontal 
rectangle at the distance Z =t(Aa) 
below the earth and AB=s(Aa), (39) 


= —2Zflog }(1+V14+s?) -V1+s?+14s], 
if A’B’b’a’ is a vertical rectangle with 
one edge at the surface of the earth and 
AB=ab=5s(A’a) =sZ, (40) 


N(@-E)(u—e) =N 2 py —2Pp'T pp — App + 2Apy — App. (41) 
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Thermionic Vacuum Tubes and Their Applications 
By ROBERT W. KING 


Note: The present material was originally prepared for the National 
Research Council for use in a proposed Manual on ‘Physical Research 
Methods and Technique.” As the appearance of the Manual has been 
postponed, the Committee in charge of its preparation has kindly consented 
to the separate publication of some of the sections in various technical 
magazines. In order to meet the requirements of the Manual, the form 
of expression has been made as compact as possible with practically no 
discussion of theory and no derivation of formulas. Since this style of 
presentation leaves. much to be desired from some points of view, refer- 
ences have been given to the original literature wherever possible. How- 
ever, many of the vacuum tube circuits presented have not as yet been 
treated in the literature. In the preparation of the new material the 
author has been greatly helped by persons whose contact with these subjects 
is at first hand. 


Contents: I. Introduction. II. Two-electrode Tubes. III. Three-elec- 
trode Tubes. IV. Thermionic Amplifiers. V. Amplifier Power Supply. 
VI. Troubles in Amplifier Circuits. VII. Thermionic Modulators. VIII. 
Thermionic Detectors. IX. Vacuum Tube Oscillators. X. Miscellaneous 
Applications of Thermionic Vacuum Tubes. 


I. INTRODUCTION 


Thermionic Emission. By thermionic vacuum tubes we shall 
understand those whose operation depends in an essential manner 
upon thermionic emission. 

The design of the various types of thermionic tubes at present in 
use requires no knowledge of the exact mechanism of thermionic 
emission. It may be said, however, that the work of O. W. Richard- 
son and others leaves little question but that this emission is a physical 
as distinguished from a chemical process, and occurs from certain 
substances as the result of the large velocities of thermal agitation 
acquired by electrons when these substances are raised to a high 
temperature. 

On the basis of certain plausible assumptions, O. W. Richardson 
derived ? the expression, 


I,=Ne=AT€ (1) 


for the thermionic emission per cm.’ in which /, is the saturation 
current formed by drawing all the emitted electrons to a positively 
charged electrode placed near the emitting surface, e is the electronic 
charge and ¢ the Naperian base, A is a constant dependent on the 
emitting substance but independent of the absolute temperature 7, 
2 Richardson, The Electron Theory of Matter, 1916 Edition, page 441. 
31 
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a, represents the energy lost by each electron as a result of becom- 
ing free, X is a number which does not differ much from unity, and k 
is the gas constant per molecule. Experiments show that the value 
of \ for a wide range of substances is about unity, but its exact value 
is of little practical importance, since the variation of J, with T is 
almost entirely controlled by the term in which 7 enters as an exponent. 

The quantity w, which expresses the electron affinity of the emitting 
substance is usually called the internal work of evaporation. In 
Equation 1, it is in terms of ergs per electron. Calling v, the value of 
w, When expressed in equivalent volts, 1.59107" 

The term v7, is of great importance when considering the economy 
with which a substance acts as a thermionic emitter. Assuming 
that the emission of an electron occurs when its velocity acquires a 
value sufficiently high to overcome the potential drop v, it is apparent 
that the smaller v,, the more copious will be the thermionic emission 
at any given temperature. For the substances thus far examined, 
v, ranges between about two volts and five volts.* The two sub- 
stances whose thermionic properties we shall consider particularly are 
platinum, coated with a mixture of barium and strontium oxides, and 
tungsten. For tungsten the value of v, is approximately 5 volts, 
and for coated platinum it varies between 1.67 and 2.05 volts. The 
value of (7)4 —(%)g for two substances A and B is equal (except for 
a small term expressing the Peltier coefficient) to their contact dif- 
ference of potential.* 

2. Thermionic Properties of Filaments. In designing electron tubes 
with predetermined characteristics knowledge of the thermionic 
emissivity of the proposed filament is necessary. This property may 
be conveniently represented by curves of the type shown in Figs. 1, 
2and 38. The coordinates have been so proportioned * that, provided 
the electronic emission varies with the temperature as indicated by 
Equation 1 and the thermal radiation from the filament varies as the 
fourth power of the temperature, then the relation between the 
thermionic emission and the heating power supplied to the filament 
is a straight line. 

Fig. 1 gives data for tungsten and for coated platinum filaments, 
Fig. 2 compares thoriated tungsten filament with pure tungsten and 
Fig. 3 gives data relating to a special coated filament, the core of which 
consists mainly of platinum alloyed with about 5°% of nickel. Since 

’For a Table of Values of v, for the materials commonly used see Van der Bijl— 


Thermionic Vacuum Tube, page 29; also Langmuir, Trans. Am. Electro-chem. 
Soc. 29,166, 1916. 


‘ Richardson, Electron Theory of Matter, 1916, p. 455. 
5 See Van der Bijl, The Thermionic Vacuum Tube, p. 82. 
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the thermionic emission of tungsten, and thoriated tungsten when 
freshly activated, do not vary much between different samples, thes 
are given with sufficient accuracy for tube design purposes by single 
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lines. Coated filaments, however, show a rather wide variation as is 
indicated. The range of variation shown in Fig. 1 was obtained in 
the study of several thousand tubes; 10 per cent. showed activity 
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greater than that represented by the 10% line, 50 per cent. showed 
activity greater than the 50°; line and 90 per cent. showed activity 
greater than the 90°; line. The three lines illustrating the range 
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variation in Fig. 3 do not correspond to these same percentages but 
have been labeled so as to be readily interpretable. 

The efficiencies in milliamperes of emission current per watt used to 
heat the filament are shown by the curved lines that cross each chart. 
Operating temperatures and corresponding filament life are given for 
certain of the ordinates. The tungsten life data in Fig. 1 are for 
3-mil wire and a constant heating current. If operating at a con- 
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stant temperature, the life would be somewhat longer; furthermore, 
the larger the wire the longer the life for a given temperature. The 
activity of thoriated filaments tends to diminish with use but mav 
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be re-activated by heating to a temperature higher than the normal 
operating temperature. The useful life of these filaments is, there- 
fore, somewhat indefinite but taking the possibility of re-activation 
into account, it is probably well in excess of 2,000 hours. 

In using Figs. 1, 2, 3, it should be borne in mind that the emission 
values given represent saturation currents and that in general the 
normal operating space current in a tube must, for reasons which will 
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appear later, be appreciably less than the saturation current. The dif- 
ference between the saturation current and the maximum operating 
space current varies with the duty to which the tube is assigned. In 
the case of high voltage rectifiers, the space current may at certain 
points in the cycle reach the saturation value, while in a tube which is 
used as an amplifier it is often desirable, in order to avoid distortion, to 
have the total emission two to three times as great as the maximum 
working space current. 

3. Space Current-Voltage Characteristic. Experiment shows that 
in a vacuum tube containing an emitting electrode and a conveniently 
placed anode, the space current J, varies with the temperature of 
the emitter and the anode potential /,, as in Fig. 4. The three curves 
shown are for three temperatures such that 7;<72<7 3. It will be 
observed that between points O and A the three curves coincide; 


Fig. 4 


between O and B the curves for the two higher temperatures coincide. 
The saturation values of the filament emission at the various temper- 
atures are shown by J,. 

For values of J, ranging from zero to somewhat less than J,, the 
relation between J, and E, may be expressed with a fair degree of 
accuracy by J,=« E} in which the exponent 7 does not differ greatly 
from 3/2. This relation, therefore, is frequently known as the 3/2 
power law. It has been deduced theoretically by Child? and Lang- 
muir ®§ and has been studied lately in greater detail by Fry.? Fry's 
analysis takes account of the initial velocities of emission of electrons, 

7 Phys. Rev., Vol. 32, p. 498, 1911. 

8 Phys. Rev. (2), Vol. 2, p. 450, 1913. 

°T. C. Fry, Phys. Rev., Vol. 17, p. 441, 1921. 
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and, as he shows, the effect of the space charge is to create a region of 
negative potential immediately around the emitter. Let Fig. 5 
represent the value of the potential as one proceeds from the cathode 
in the direction x, and V’ represent the minimum value of the poten- 
tial. Assuming indefinitely large emission from the cathode, V’ 
(which is a function of /,), determines the space current corresponding 


Vr 


Fig. 5 

to any particular value of E,. The lower the value of V’ the fewer 
the electrons with initial velocities sufficient to carry them past the 
equipotential surface V’ into the region where they are attracted by 
the anode. Assuming the average initial velocity to be 0.3 volts 
(roughly a temperature of 2400° K), Fry finds an appreciable deviation 
from the 3/2 power law for E, <30 volts, but initial velocities need be 
considered only in tubes which operate at low F). 

Another factor which, for low /£, causes an appreciable deviation 
from the 3/2 power law, is the potential gradient in a filament cathode 
due to the heating current. Whereas velocity of emission tends to 
make »<3, 2, the potential gradient in the filament has the reverse 
effect. In general, the latter more than overbalances the former and 
for small anode voltages n>3 2. The value of 7 when the cathode 
potential gradient is considered, but initial velocities are neglected, 
has been given by W. Wilson,'® who finds that when EF, is less than 
the potential drop across the filament »=5 2, while for higher Fy it 
gradually approaches the limiting value 3.2. 


For discussion of the 5,2 power relation, see Van der Bijl, The Thermionic 
Vacuum Tube, p. 64. 
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4. Temperature Saturation and Voltage Saturation. When a vacuum 
tube operates at such filament temperature and FE, that an increase in 
temperature produces no increase in J, the tube is said to show temper- 
ature saturation. On the other hand when temperature and Ey are 
such that an increase in FE, does not increase J;, the tube shows 
voltage saturation. Referring to Fig. &the curve 7; shows temperature 
saturation between O and A and approaches voltage saturation beyond 
the point A. Similarly the curve 72 shows temperature saturation 


up to the point B and approaches voltage saturation beyond. 


Fig. 6 


5. Effect of Gas. In thermionic tubes as usually pumped the gas 
pressure is between 10 and 10° *mm. At this pressure the gas 
generally does not manifest its presence in the operation of the tube. 
However, at higher pressures, and particularly above 10-‘mm, it 
produces certain objectionable disturbances. Thus many gases 
seriously reduce the filament activity; also for EF, greater than about 
20 volts, ionization occurs and the resulting discharge differs in im- 
portant respects |! from the pure electron discharge of Fig. 4. 


Il. Two-ELecTRODE TUBES 


The two-electrode tube, which was first due to Edison, found an 
early practical application when Fleming used it to detect wireless 
telegraph signals. 

However, since the advent of the three-electrode tube of De Forest, 
the earlier device has been almost entirely superseded as a detector 
and finds its principal application as a rectifier of a.c. voltages. Its 
range of applicability in this field is extremely large. With properly 
designed tubes, Hull has succeeded in rectifying 5 k.w. at a potential 
of 100,000 volts, and in its transatlantic radio telephone experiments, 

"See Van der Bijl: The Thermionic Vacuum Tube, p. 86. 


2 A.W. Hull, General Electric Review, Vol. 19, p. 177, 1916. Another good source 
of information is Van der Bijl's ‘‘ The Thernuonic Vacuum Tube.” 
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the American Telephone and Telegraph Company is using a six 
phase rectifier giving about 200 kw. at about 10,000 volts." 

6. Two-Electrode Tube as Rectifier. Three typical forms of circuit 
are shown in Figs. 6, 7, 8, each of which has certain characteristics 
not possessed by the others. The circuit shown in Fig. 6 rectifies 
the full transformer voltage, but utilizes only one-half of the current 
wave; the circuit of Fig. 7 gives a d.c. voltage of only about half the 
transformer peak voltage but utilizes both halves of the wave, and 
Fig. 8 illustrates a circuit making use of the full transformer voltage 
and both halves of the a.c. wave. 

A rectifier circuit employing a tuning condenser for the secondary 
of the high voltage transformer and giving a rectified d.c. voltage as 
large again as the a.c. voltage of the transformer and providing auto- 
matic control of the maximum d.c. voltage supplied by the rectifier, 
has been described by Webster.'* 


The circuits shown in Figs. 6 and 7 provide means in the form of 
condensers C\, Cz and inductances L;, Le for smoothing out the rectified 
voltage. Such an arrangement of conductors is essentially a network 
whose attenuation for electric currents of a certain range of frequencies 
is very low and for all other frequencies is high. This type of network 
is a special form of the electric wave-filter which is finding many ap- 


'3 Arnold and Espenschied, Journal of A. 7. E. E., August, 1923; also Bell System 
Technical Journal, October, 1923. 


4D. L. Webster, Procd. Nat. Acad., Vol. 6, p. 28, p. 269, 1920. These articles 
also suggest certain modifications of Hull's method. 
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plications at the present time and a complete account of its proper- 
ties is to be found in recent literature." 

No definite statement can be made as to the exact range of fre- 
quencies over which the rectification of alternating currents can be 
satisfactorily accomplished by means of thermionic tubes, but it is 
apparent that this range is large. The degree of smoothness required 
in the d.c. output is of primary importance in setting the lower limit 
of the frequency range; on the other hand, the smaller the load re- 
sistance, the higher the frequency which may be satisfactorily rectified 
before the internal capacity of the tubes permits the flow of an objec- 
tionable amount of alternating current. Whenever an output with a 
minimum of ripple is required it is in general desirable to use as high 
a frequency as is readily available. 


THREE-ELECTRODE TUBES 


In 1906 De Forest brought out the three-electrode tube ' in which 
a grid is interposed between filament and plate. Since the introduc- 
tion of this tube, much study has been devoted to its properties and 
many investigations have been made concerning the best substances 
to use as thermionic emitters, the best metals for plates and grids, 
the best varieties of glass for the containing bulbs,'? and the best 
methods of exhaustion,’ so that today problems of design are well 
understood. At present the three electrode tube finds use as a_rec- 
tier, amplifier of small currents and voltages, detector of small a.c. 
voltages, modulator of alternating currents, and generator of electric 
oscillations. “Tubes have been built which range in size from those 
about one inch long with a space current of about a milliampere to 
others which are water-cooled and have an individual output capacity 
of 100 k.w.'* Amplifiers with a capacity of 150 k.w. are in operation 
(see footnote 13). 

7. Action of the Grid. The general theory of the grid action is 
simple. As pointed out by Fry '* the space charge creates a region of 
(4. A. Campbell, Bell System Technical Journal, Nov., 1922; U. S. Patents 
237,113 and 1,237,114, May 22, 1917; O. J. Zobel, Bell System Technical Journal, 
0 1923; Carson and Zobel, Bell System Technical Journal, July, 1923; G. W. Pierce, 


1 
Electric Oscillations and Electric Waves, p. 186, 1920; Karl W. Wagner, Arch. f. 
Electr., Vol. 3, p. 315, 1915; Vol. 8, p. 61, 1919. 

'6 Variously called the audion, vacuum tube, triode, pliotron, ete. 

'? Measurements of Gases Evolved from Glasses of Known Chemical Composi- 
tion—Harris & Schumacher, Jour. Ind. @ Eng. Chem., Feb., 1923; also Bell System 
Technical Journal, Jan., 1923. 

'8 For methods of exhaustion, see Dushman, Gen. Elect. Review, Vol. 23, p. 493, 
1920, et seq. 

'9See W. Wilson, Bell System Technical Journal, July, 1922 
Ce Pry 
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negative potential immediately around the cathode which persists for 
all values of F, less than that required to produce voltage saturation. 
It is the minimum potential VW’ (see Fig. 5) that limits /,, and. any 
increase in V’ will result in an increase in J,. Because the grid is 
close to the filament, small changes in the grid potential, &,, are as 
effective in changing V’ and therefore /,, as large changes in E). 
This leads to the so-called amplification constant w of the tube which 
may be taken as 


in which +e, and ¥e, are changes in Ey, and Fy, the changes being 
opposite in sign as indicated, and such that they leave J, unchanged. 
It has also been shown?’ that if AF, and AF, are increments of 
FE, and FE, which cause equal increments in the electric field at the 
surface of the cathode (considered simply as an equipotential surface 
and not as a source of electrons) the amplification constant, u, of the 
tube will be the ratio AE, AF. 
8. Characteristic Equation. The electrical characteristics of the 
three-electrode vacuum tube may be represented *! by the equation 
Ip +)” 2) 
The constant « is related in a simple way to the internal resistance of 
the tube. A consideration of € which expresses the contact difference 
of potential between grid and filament is usually essential only in 
tubes which operate at a low Fy and particularly in detectors and 
amplifiers. In tubes with coated filament, € may not only vary 
within a range of two or three volts between different tubes, but may 
also change during the life of any one tube. The exponent » varies 
in a given tube with applied voltage, being usually equal to about 2 


when the effective voltage ( "+E, + comparable with the poten- 


tial drop in the filament (see Fig. 9), and tending to approach the 
theoretical value 3,2 with increasing effective voltage. It has been 
found possible to deduce relations between the constants u and « of 
Equation 2 and the structure and dimensions of any tube which are 
in‘very fair agreement with experimental values.” 

Typical curves corresponding to the characteristic Equation 2 are 
shown in Figs. 10 and 11. These curves are referred to as static char- 

7 R. W. King, Phys. Rev., Vol. 15, p. 256, 1920. 

™ Van der Bijl, Phys. Rev., 12, 180, 1918. 

King, I. c. 
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acteristics one parameter being fixed in each case. For the dynami 
characteristic see section 12. Equation 2, of course, fits only the 
portions of the curves characterized by temperature saturation. 


hampere 


Anode M 


Fig. 9 


amperes 


Anode Milliamperes 


Anode Mii 


Grid Volts Arose voitage 


Fig. 10 Fig. 11 


The abruptness with which the curves of Fig. 10 meet the potential 
axis is important in certain uses to which tubes are put. The value 
of E, which reduces J, to zero is called the cutoff voltage. To havea 
sharp cutoff a tube should have a fairly large u and its grid should be 
sufficiently large with respect to the filament to effectively screen all 
parts of the filament from the plate. 
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9. Grid Current. For certain purposes, a consideration of the grid 
current /,, is necessary. Fig. 12 represents a characteristic relation 
between 7, and F, for various Ey. Note that FE, in excess of about 
10 volts results in secondary emission of electrons from the grid. 
These secondary electrons flow to the plate and, as shown, their num- 
ber may actually exceed the total number of primary electrons striking 
the grid. The character of the grid surface plays an important part 


Fig. 12 


in determining the amount of secondary emission. The secondary 
emission from the grid of a tube containing a pure tungsten filament 
is, in general, less than that from the grid of a tube with an oxide- 
coated filament. At high temperature a coated filament appears 
to evaporate a minute amount of its coating, some of which is de- 
posited upon the grid presumably augmenting the secondary activity.” 

10. Vacuum Tube Constants. The two most important constants 
of the three electrode tube are uw and its internal resistance 7». The 
determination of uw and ry, from the characteristic curves (Figs. 10, 11) 
is obvious. For general design purposes these curves give the best 
insight into the behavior of a tube and furnish the most instructive 
means of determining u and fp. 

11. Dynamic Methods of Measuring Vacuum Tube Constants. How- 
ever, in cases where many tubes, all practically alike, have to be 
tested, certain ‘‘dynamic’’ methods are timesavers. Several such 
methods have been devised, but all are modifications of a scheme 
first published by Miller.** 

23 A. W. Hull has designed two types of tube known as the dynatron and plio- 
dynatron which utilize the negative resistance characteristic (AB of Fig. 11) resulting 
from secondary emission. Procd. Inst. Radio Engrs., Vol. 6, p. 5, 1918. 

4 J. M. Miller, Proc. I. R. E., Vol. 6, p. 141, 1918. For variations of Miller's 


dynamic method the reader is referred to Van der Bijl, l. c., p. 198, Method of G, H. 
Stevenson. 
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Miller's method is illustrated in Fig. 138. To determine uw the key 
K, is open and Ky is closed. The resistance 7; is adjusted until the 


sound heard in the telephones 7 is a minimum, under which circum- 


stances it is clear that w= 


To determine rp, some definite relation 


between 7; and ry is established. Then, with key A, closed, the re- 
sistance r, is adjusted until the telephone response is a minimum. 


With this adjustment it may be shown that 


rp = ro( 1). (3) 
1 


This measurement of rp, may be simplified as follows: suppose we 


adjust m for a minimum tone in 7 when Ay is open. Then p=~s 


and it is seen from Equation 3 that with this relation between r; and 
re it would not be possible to obtain a balance with A, closed; but if 


Fig. 13 


ro be doubled, which can be done by opening Key thus adding a re- 
sistance equal to 7, and r, be now adjusted with A, closed to give a 
minimum tone in 7, then r,=,7,. 

12. Dynamic Characteristics of Vacuum Tubes. Ina circuit such as 
that shown in Fig. 13, the space current causes a fall of potential 
along any resistance r, and the difference in potential between filament 
and plate is therefore less than the potential difference across the 
battery by the amount /,r. If J», is increased in any way, as for 


instance, by an increase in /,, the drop J» r increases and with a fixed 
battery e.m.f. the potential difference between the filament and plate 
diminishes somewhat. It follows, therefore, that a given change in 
FE, will cause a smaller change in space current when the plate circuit 
includes an external resistance 7 than when it does not. 

This important fact supplies a simple means of straightening the 
characteristic of a vacuum tube to such an extent that it may become 
practically a distortionless amplifier. 
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To a first approximation,” the alternating component J of the 
space current, when a voltage e=e, cos pf is applied to the grid is given 
by 

Ip 


2!(r+r,)8 


J = cos pt — 


(1+ cos 2pt). (4) 
In this equation rp is the internal resistance of the tube and 7, is its 
derivative with respect to the effective voltage S +E). It will be 


noted that the second term on the right side of Equation 4, which 
gives the first harmonic, diminishes rapidly with r as was to be ex- 


pected from the preceding paragraph. The more or less straightened 


Fig. 14—Average J», E, Characteristics for Five Tubes. Average u =5.92; average 


internal impedance =6,000 ohms for E,=130 volts and &, 9 volts. Plate bat- 
tery connected to +end of filament and grid battery to —end. Western Electric 
type 101-B tubes. 


characteristic resulting from the effect of 7 is known as the dynamic 
characteristic; see Fig. 14, which curves fit a tube whose r =6,000 
ohms. As will be pointed out in the section on amplifier circuits, 
the dynamic characteristic is a useful guide in selecting tubes as 
amplifiers. 

Equation 4 also expresses the important fact that the application 
of the voltage e, to the grid is equivalent, so far as current in the plate 
circuit is concerned, to the application of the voltage yu e, in the plate 
circuit. 

13. Internal Capacities and Effect on Input Impedances. In certain 
uses to which the vacuum tube may be put, a knowledge of the in- 
fluence which the internal electrostatic capacities have on the input 
impedance is important. The equivalent circuit of the tube” is 


4% J. R. Carson, Proc. Inst. Radio Engrs., Vol. 7, page, 187, 1919. In case the 
output circuit of a tube contains reactance as well as resistance, Eq. 4 becomes 
much more complicated as Carson shows. 

7H. W. Nichols, Phys. Rev., Vol. 13, p. 405, 1919; J. M. Miller, Bureau of Stand- 
ards, Bulletin No. 351. 
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shown in Fig. 15 in which C; is the capacity between filament and grid, 
C2, capacity between filament and plate, C; capacity between grid and 
plate, and 7, r3, are leakage resistances. As the action of the tube is 
such as to produce an equivalent voltage ye, between filament and 


Fig. 15 


plate, a generator of voltage ue, is shown in series with the internal 
resistance r, of the tube. Calling Y, the input admittance of the tube, 
that is, 


1) 


1 — 
Y, 
in which e, is the alternating voltage between filament and grid, the 
solution of the above circuit gives for Y, the value, 


1 try + DI 
Y¥,=—+jCip+ — i 
+ ( +iCsp) 


Case 1, Low Frequencies. For low frequencies the admittance of 
the condenser C2 is negligible compared with that of ry. Dropping 
the terms containing C2: gives the equation, 


1 A 1 


which yields important interpretations. In case the load impedance 
Z is a pure resistance re, the admittance of the filament-grid branch 
of the tube may be much greater than the admittance which would 
result from R; and C; alone. This is due to the influence which the 
alternating component of the plate voltage exerts upon the input 
circuit through the condenser C2. Figs. 16 and 17 show respectively 
the effective capacity and effective conductance between filament and 
grid as a function of the external resistance. For the particular tube 
studied (W. E. Co. 102-A) Fig. 17 shows that, if re =40,000 ohms, the 
effective capacity between filament and grid is not the capacity C; 
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(about 10X10°" farads) but is approximately 12010°"  farads. 
Fig. 16 shows that the effective conductance is also greatly increased 
above that due to 7;. This increase in conductance means an in- 
creased absorption of input energy by the tube which, of course, is 


Fig. 17 


not dissipated in the grid circuit but passes through the path supplied 
by the condenser C; to be wasted in the plate circuit. 

In case Z, is a pure inductance L», the effective input conductance 
of the tube is negative and not positive as in the preceding case. 


| 

Fig. 18 Fig. 19 


Fig. 18 shows the variation of this negative conductance with Le, and 
Fig. 19 the variation of effective input capacity with Le. A negative 
input conductance means that the grid circuit draws power from the 
plate circuit; if the negative conductance is large enough, a tube in 
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such a circuit will oscillate steadily or ‘‘sing’’ with no coupling but that 
provided by its internal capacities. This phenomenon is frequently 
encountered in vacuum tube amplifiers and at times proves quite 
troublesome. 

Tubes can readily be constructed in which 7; and r3 are so large 
as to exert no influence on the behavior of the tube and may be ignored 
in the above equations. However, even in such tubes there is an 
effective input conductance, either positive or negative, depending 
upon the character of 

Case 2, High Frequencies. For very high frequencies terms of the 
first order in Pp are negligible compared to terms of the second order, 
and kq. 5, becomes, 

Cot Cs 


indicating that as the frequency is raised the effective input impedance 
approaches that due to the condensers alone. Under these circum- 
stances the grid absorbs very little power, but the amplification is 
lowered because the input is to an extent short-circuited by the 
electrode capacities. Fig. 20 shows the variation in voltage am- 
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Fig. 20 


plification against wave lengths in meters for high frequencies. The 
two curves are for different /,, the higher /, giving a larger amplifica- 
tion because r, of the tube is lower. It is seen that the amplification 
at 1,000 meters is about three times as large as the amplification 
at 100 meters and the amplification at both values of FE, tends to 
approach zero as the frequency becomes infinite. 
Nichols suggests *"* that the reduction in amplification for a given 
frequency can be avoided by shunting the grid-plate capacity C3 with 
4 For cases in which Z, is neither pure resistance nor reactance, see Van “der Bijl, 
200, 
* H, W. Nichols, Phys. Rev., Vol. 13, p. 411, 1919. 
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$9 
an inductance of such a value as to make the impedance between 
grid and plate infinite at this frequency. 


IV. THERMIONIC AMPLIFIERS 


Equation 4, given in Sec. 12 is of fundamental importance in the 
design of vacuum tube amplifier circuits. Neglecting the second 
term on the right hand side which, as previously pointed out, expresses 
distortional effects and should therefore be very small in amplifier 
circuits, the equation can be written 

Z+Trp 


- ‘6) 
in which the impedance Z =r-+j x is substituted for 7. From Equation 
6 both the voltage and power amplification of a tube for any particular 
circuit can readily be calculated. 

14. Voltage Amplification. Assuming as above that the tube works 
into an output impedance Z, it follows that the voltage amplification 
(i.e., the ratio of the output to the input voltage) is 

uZ 
This expression shows that the voltage amplification increases as Z 
increases. Considering separately the two cases in which Z is a 
pure resistance and pure reactance, typical values of the voltage 
amplification are plotted in Fig. 21. Curve a corresponds to reactance 


in the output and } to resistance. These curves show that the voltage 
amplification rises much more rapidly when reactance ts used, reaching 
x 
90°% of its maximum value when — 
lp 


=2. 


If the resistance component of Z is made as small as possible, E, 
becomes practically equal to the potential across the plate battery, 
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making possible a given voltage amplification with smaller plate 
battery than could be obtained if the output circuit contained an ap- 
preciable resistance. 

15. Power Amplification. From Equation 6, which neglects 
harmonic terms, it is readily seen that the power output is 


weer 


where r+j7x has been substituted for Z. This output is a maximum 
when r?=r,?+2°. The case in which x=0 is particularly important; 
evidently for maximum power output, a tube should work into a re- 
sistance equal to its internal resistance. 

As pointed out in Sec. 13 the input impedance of a tube is not 
always readily determinable; however, calling the input resistance 
r,, the power amplification produced by a tube is given by the ex- 
pression, 

This expression has been obtained on the assumption that the grid 
draws no electron current from the space charge, which in turn requires 
that the grid remain at a negative potential at all times. Since the 
power amplification falls rapidly as the grid becomes positive, it is 
customary in most amplifier circuits to supply means of maintaining 
the grid at a negative potential. 

Expressions 6 and 7 are of fundamental importance in the design of 
amplifier circuits. 

16. Selection of Tubes. When selecting tubes for an amplifier, 
curves such as those shown in Fig. 14 are very useful. By their 
means it is readily possible to select the tube, the plate potential 
and the average grid potential which will give satisfactory results 
for any pre-assigned value of the input voltage. In order to obtain 
amplification as free from distortion as possible, it is necessary that 
the grid potential in its excursions neither become positive nor strike 
the lower end of the characteristic. To a sufficient approximation 
it is evident that when the variable grid or input voltage e, is given, 
we should choose EF, and Ey such that 

€Co> —E,> 
2u 


%® Where many tubes of the same design are to be interchanged in a given circuit, 
and where the conditions of manufacture are such that the insulation resistance 
between filament and grid is not always of the best, it may be found desirable to 
shunt the input with a fixed resistance, e.g., 4 megohm. 
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Referring to Fig. 14, for an input potential of 10 volts (peak value) 
and rp=6,000 ohms, the point B (but neither A nor C) is evidently a 
satisfactory mean position about which to operate. 

Since both voltage and power amplification increase as Fy is in- 
creased (because ry is decreased) it is frequently desirable to have 
the value of FE, considerably larger than the lower limit just indicated. 

17. Amplifier Circuits. The fundamentals of thermionic amplifier 
circuits may be gathered from Fig. 22. The variable input voltage 


Fig. 22 


e, between grid and filament of the first tube A modulates the plate 
current of this tube. The circuit is evidently such that the variable 
I, of tube A varies the grid potential of B and, due to the properties 
of the three electrode tube, not only is the power applied to the grid of 
B greater than that applied to A, but the potential variation may be 
many times as large as e,. Hence the variations in /, of B will be 
larger than those of J, in A, thus yielding an amplifying action. 
Tubes A and B and their associated circuits are known as the first and 
second stage respectively. 

Amplifier circuits may for convenience be divided into six general 
classes: 

1. Resistance coupled circuits (Fig. 23). 

2. Resistance-condenser coupled circuits (Fig. 24). 

3. Retard-condenser coupled circuits (Fig. 25). 

4. Transformer coupled circuits (Fig. 26). 

5. Feed-back circuits (Fig. 31). 

6. Push-pull circuits (Fig. 32). 

The Sections immediately following will point out the advantages 
of each type of circuit and general design considerations. Equations 
6 and 7 show that the amplification of which a single tube (or “‘stage’’) 
is capable is definitely limited. For greater amplification than a 
single stage can produce, it is necessary to arrange two or more stages 
in cascade. Multistage amplifiers frequently consist of combinations 
of certain of the above types of circuits as will be pointed out in the 
following paragraphs. 
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IS. Resistance Coupled Amplifier. This simplest of all amplifier 
circuits (Fig. 23) is particularly useful where a wide range of frequencies 
is to be amplified without selective amplification of any particular 
frequencies. For this reason, it is often used as an amplifier in con- 
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Fig. 23 


nection with an oscillograph. It is also one of the few types of circuit 
which can be used for direct current amplification. However, as will 
be pointed out later, a special type of push-pull circuit makes a more 
satisfactory d.c. amplifier for many purposes. 

One or more stages of the resistance coupled circuit may be sub- 
stituted for transformers in voltage amplification. Voltage amplifier 
tubes having an amplification constant «=380 are common and it fol- 
lows from Equation 6 that such a tube can readily produce a voltage 
amplification of from 20 to 25. It can, therefore, take the place of an 
input transformer in one of the other types of amplifier circuit. Unless 
special considerations require another adjustment, it is customary to 
arrange all but the last stage of an amplifier for voltage amplification, 
the last stage being designed for power amplification. (See Secs. 14 
and 15.) 

Since in resistance coupled amplifiers there is a d.c. path between 
the plate of one tube and the grid of the following tube, a negative 
grid battery large enough to counterbalance the plate battery must 
be used in every stage in order to supply the necessary negative grid 
potential. As shown in Fig. 23, a common plate battery can be used 
for two or more stages. A more complete discussion of battery re- 
quirements is given under Power Supply. 

19. Resistance-Condenser Coupled Amplifier. This type of circuit 
(Fig. 24) is similar to the preceding in all respects except that con- 
densers are inserted between the plates and grids of adjacent stages. 
This makes the employment of large negative grid batteries unneces- 
sary although it is still important that steady negative potentials be 
applied to the grid of each tube sufficiently large to prevent their 
being carried positive by the variations. For example, in Fig. 24, 


r. may be two meghoms and the grid battery emf 2 to 3 volts. This 
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type of circuit is in general the easiest to handle. Due to the insertion 
of condensers it will, of course, not serve as a direct current amplifier, 
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but with sufficiently large condensers it can handle low frequencies 
with little or no distortion. 
20. Retard-Condenser Coupled Circuit. The substitution of retard 


coils for resistances (see Fig. 25) in the circuit last described affects 
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Fig. 25 


the behavior of the circuit in several wavs. An advantage in the 
change lies in the fact that a given plate potential can be secured by 
a smaller plate battery (Sec. 14). Since the tubes in all but the last 
stage of an amplifier generally act as voltage amplifiers, it is desirable 
that the inductance of the retard coils be made large. By employing 
retard coils of the proper inductance and resistance and shunting 
them with condensers, such an amplifier may be tuned for any par- 
ticular frequency. 

It follows that the width of the frequency band which can be amr- 
plified without distertion is likely to be less than for the resistance 
coupled amplifier. Since the impedance of the retard coils increases 
with increase of frequency the higher frequencies will, in general, be 
amplified more. than the low. However, it is impossible to make 
retard coils without a certain amount of distributed capacity, the 
shunting effect of which tends to limit the amplification of the higher 
frequencies. By the proper design of coils it is possible to construct 
a retard-coupled amplifier which will give practically uniform ampli- 
fication, e.g. throughout the speech range of 200 to 3,000 cycles. It 
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is customary to make the retard and choke coils of the toroid or closed 
core type. 

21. Transformer Coupled Amplifiers. From a_ theoretical point 
of view the transformer coupled amplifier (Fig. 26) should be the 
ideal type. By the proper choice of transformers it should be possi- 
ble to match stages with respect to one another in such a way as to 
obtain the greatest efficiency fiom tubes and batteries. The chief 
advantage of transformer coupling lies in the fact that the input 
voltage to the second stage may be made greater than the voltage 


Fig. 26 


output of the first, and so on, at the same time that each tube operates 
into a properly matched impedance to give maximum power output. 
When uniform amplification over a relatively wide band of frequencies 
is not required, the interstage transformer may be designed to step 
up the voltage as many as 30 to 40 times. Other advantages are 
the economical use of plate batteries (Sec. 14) and the elimination of 
grid condenser and grid leak or high voltage grid battery. 

However, the difficulties attendant upon the design and making of 
transformers are such that to realize the apparent advantages of this 
type of circuit will require very careful planning. This will be illus- 
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trated by the following example of a transformer to handle the fre- 
quencies of speech. Given an interstage transformer as in Fig. 26a, 
we will assume that the transformer works out of a tube impedance 
r, and into a grid circuit impedance which has infinite resistance. 
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Then, imaging for the moment that the condenser C; has been re- 
moved, the output voltage es of the transformer is 


eg = (8) 
re tjhp 

in which e is the input voltage, ]; is the inductance of the primary 

winding, m is the mutual between the windings, and p is 27 times the 

frequency. This neglects resistance of the winding and also capacity 

effects. Inspection of Equation 8 shows that e2 varies with the fre- 


rege por 


Fig. 26b—Curve A corresponds to/=1 henry. Curve C to! =2 henries, C, =.141 f. 


quency or with p in the manner shown in curve A, Fig. 26b, from 
which it is seen that the transformer tends to suppress the lower 
frequencies. 

Curve A shows the performance of a transformer as calculated from 
Equation 8 assuming 7p =5,000 ohms and /;=1 henry. Such a trans- 
former would be quite unsuited for a speech frequency amplifier as it 
introduces very serious distortion below 1,000 cycles. Curve B is 
calculated on the assumption that /,=2 henries and shows marked 
improvement over A for the lower frequencies. 

In input transformer design it is ordinarily necessary to limit the 
inductance of the two windings not only because of the limited winding 
space but also because of the need of keeping down the capacity be- 
tween windings and the capacity within each winding. Curve C 
shows the performance of the same transformer as Curve B when 
the capacity C, (Fig. 26a) is put in the primary circuit, C; having a 
value of .141 m.f. and being so chosen as to tune /; to 300 cycles. With 
the capacity present Equation 8 becomes 
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Use of the capacity improves the transformer characteristic for all 
frequencies above about 200 cycles and the combination therefore 
gives better results in a speech amplifier than the transformer alone. 
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The effect of distributed capacity in the windings (present especially 
in the secondary because of its greater number of turns) is, more or 
less, to shunt the high frequencies. This may be counteracted either 
by the inductance in the primary winding or, if this is not sufficient, 
by insertion of the proper inductance in series with the primary. It 
may be said, in a general way, that the lower the ratio of a trans- 
former the better suited its frequency characteristic will be to a wide 
band of frequencies such as occurs in speech, and transformers with a 
ratio of 1 to 4 are made which require no correcting provided they are 
properly chosen with respect to the impedance characteristics of 
associated tubes. 

The selective amplification of an amplifier for particular frequencies 
may be increased by tuning one or more of the secondaries of the 
interstage transformers with condensers. (See Equation 8a.) 

Due to the fact that there is an appreciable distributed capacity 
between the primary and the secondary windings, an interstage 
transformer supplies capacity coupling as well as inductive coupling 
between adjacent stages, the phase of the capacity coupling being 
independent of the direction of winding while the inductive coupling 
is not. Therefore, the transformer may be so placed in the circuit 
that these two effects either aid or oppose one another. In order to 
secure the greatest amplification they should aid. 

The transformer used in speech frequency work is, in general, made 
with an iron core; therefore, care should be taken to prevent the d.c. 
component of J, magnetizing the core and reducing its efficiency. 
One method of accomplishing this is shown in Fig. 26 in which the 
d.c. component of 7, is bypassed by a choke coil. In circuits in which 
two or more interstage transformers are used, attention should be paid 
to the danger of magnetic feed-back. This can be largely eliminated 
by using transformers with closed magnetic circuits. Both the toroid 
tvpe core and the shell type core (commonly employed in power 
transformers} have been found satisfactory, and especially the latter. 

22. Amplification of Higher Frequencies. The transformer coupled 
amplifier is the type perhaps best suited to use at frequencies higher 
than those of speech. As a special case the amplifier circuit of Fig. 27 
will be considered first. This circuit contains a tuned output and 
should be used only in case a single frequency or very narrow band of 
frequencies is to be amplified but in this case will be found very 
satisfactory. The inductance L may consist of two parallel windings, 
insulated from-*each other to avoid any conductive connection be- 
tween the plate battery and the output. Such an arrangement 
would be desirable if the output went to a detecting tube or another 
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amplifying tube. By using a variable condenser C, the frequency of 
maximum amplification can be readily shifted but for any one setting 
the amplification will be as shown by curve A of Fig. 28.) For maxi- 
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mum output, the position of the tap A should be set so that the 
impedance of the tuned circuit LC as seen from the tube is equal to 
the output impedance of the tube. Tuned circuit amplifiers are 
especially adapted for amplification at very high frequencies (above 
2,000,000 cycles), where the effect of the capacities between the 
elements of the tubes makes other tvpes of amplifiers very inefficient. 
'*The amplification curve A will be broadened when more and more 
turns are added to the inductance L and the capacity of the tuning 
condenser C is diminished due to the effect of the distributed capacity 


of the coil. Curve B gives the amplification for a circuit where the 
condenser C is omitted in which case it becomes a retard coupled 
amplifier. Maximum amplification occurs at the natural frequency 
of the coil including the capacity effects of the leads and elements of 
the tubes. 

In case a relatively wide band of frequencies is to be amplified, 
transformer coupling is usually resorted to, and given suitably de- 
signed transformers one to two octaves can be amplified with very 
fair uniformity at frequencies between 100,000 to 2,000,000 and 
four to five octaves at frequencies below 100,000 eycles. Use of 
transformer coupling will broaden the characteristic of the amplifier 
as shown in curve C, Fig. 28, the exact shape of this curve being 
largely dependent upon the design of the transformers employed. 
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For frequencies up to about 100,000 cycles, transformers with iron 
cores of the ring type are suitable and are preferably enclosed in 
metal covers which are grounded. A transformer suitable for fre- 
quencies higher than 100,000 cycles may consist of two choke coils 
(one to two inches in diameter) of very fine wire, these coils being 
mounted close together on a suitable form. The natural frequency 
of the coils will approximately determine the middle of the band of 
frequencies which are amplified and the coupling between the two 
coils will determine the width of the band, closer coupling resulting 
in a wider band. The coupling is generally a combination of electro- 
static and electromagnetic coupling and therefore, in connecting all 
transformers for high frequency uses, it is essential to establish the 
proper phase relations between them (see paragraph 21). Each 
stage of the amplifier should be shielded as shown in Fig. 29 although 
in certain cases it may be dispensed with. The shielding should 
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Fig. 29 


consist of brass or copper sheeting made into boxes with well-soldered 
joints and tightly fitting covers. Holes through the shielding should 
be just large enough to pass the insulation of the wires. 

A common plate battery may safely be used for four or more stages 
provided a condenser is placed across the terminals of the battery 
as shown in Fig. 29. This condenser should have a capacity large 
enough to offer practically no impedance to the high frequency cur- 
rents, and its use may be desirable although the plate battery is 
common to but two stages. Use of a common grid battery, as shown, 
introduces a small feed-back from the second stage to the first. This 
feed-back may be either positive or negative, depending upon the 
phase relations in the intermediate transformer and may be elimi- 
nated by placing a condenser across the grid battery terminals. 
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It has been the practice in high frequency amplification to use 
tubes with y's between 6 and 10, interstage transformers being selected 
to step up the voltage as much as is possible consistent with the 
desired flatness of the amplifier characteristic. In general, the larger 
the ratio of the transformer, the more pronounced is the peak of the 
characteristic. Other things being equal, the most suitable tubes are 
those with the smallest internal electrostatic capacities. The largest 
of these capacities, in general, is that between grid and plate and 
tubes have been produced in which this does not exceed 5 uw w f. and 
in which the internal plate resistance is about 20,000 ohms. 

In amplifying the higher frequencies the feed-back which occurs 
through the tube may require attention. In section 13, it was pointed 
out that an inductive output for a tube gives rise to a negative resist- 
ance characteristic in the input which means that feed-back is occur- 
ing. To eliminate the possibility of singing and also to eliminate 
unequal amplification of different frequencies which feed-back intro- 
duces, various means of neutralizing it have been proposed2* One 
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such means is illustrated in Fig. 30 which is drawn to show radio re- 
ception with a loop antenna. Note that the grid of the first tube is 
joined to one end of the loop and the plate is joined to the other end 
through the balancing condenser C,, the filament being joined to the 
midpoint of the loop. When C, is chosen equal to Cy; the capacity 
between grid and plate, it is evident that the feed-back occurring 
through the tube is just balanced by that occurring through C,. By 
adjusting the condenser C, so as to permit of feed-back, very large 
amplification may be obtained at a single frequency but at the ex- 
pense of flatness of characteristic. 


%See Patent No. 1,183,875 issued to R. V. L. Hartley, and Patent No. 1,334,118 
issued to C, W. Rice. 
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23. Feed-Back Amplifiers. This amplifier may be either resistance 
or inductive coupled, a typical resistance coupled circuit being shown 
in Fig. 31. In a feed-back circuit, attention must be paid to phase 
relations. In Fig. 31, let the arrow along the resistance R; represent 
an increase in electron current to the grid of tube A. This corre- 
sponds to an increase in the potential of this grid. In phase with this 
increase in potential is an increase in electron current in Ry as shown 
by the arrow. This, in turn, corresponds to a fall in potential of the 
grid of tube B and therefore to a reduction of the 7, in B, as indicated 
by the arrow at Rs, which produces an increase in J, in C.  There- 
fore, in this particular circuit the correct phase relations require the 
output of one tube to be returned to the input of the second preceding 
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tube or one of its alternate preceding tubes. The amount of energy 
fed back can readily be controlled by varying the portion of Ry through 
which the feed-back current flows. 

24. Push-Pull Amplifier. See Fig. 32. This type of circuit is 
particularly useful as a terminating stage since it makes possible the 
use of a low impedance in the output circuit without serious distortion. 
If the tubes 4A and B have identical characteristics, it is readily seen 
that the coils of the output transformer may be so connected that the 
fundamental and odd harmonics will aid one another, while all even 
harmonics will oppose. Since the third and higher harmonics (count- 
ing the fundamental as first} are very small compared to the second, 
this circuit gives very nearly distortionless amplification. In speech 
amplifiers it permits of considerable overloading without this being 
very apparent in the quality of the output. 

By reversing the transformer connections it is possible to cause 
the circuit to add the even harmonics and give the differences of the 
odd. 

An additional use for this circuit will be pointed out in the section 
dealing with modulation. 

Fig. 33 shows a special type of push-pull circuit which is particu- 
larly adapted to the amplification of steady and low frequency volt- 
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ages. It consists of a Wheatstone bridge in which two similar tubes 
form one pair of arms. The output circuit is the branch in which 
the galvanometer is ordinarily placed. When a voltage is applied 
to the two tubes in such manner that the potential of one grid is 
raised by the same amount as the grid of the other is lowered, the 
bridge becomes unbalanced and current flows through the output 


branch. For small applied voltages the amplification of the circuit 
is very nearly distortionless. The circuit has the obvious disadvantage 
of requiring a close balance between the tubes and is therefore liable 
to require careful adjustment during use. 

The push-pull circuit possesses one marked advantage over the 
resistance-coupled d.c. amplifier described in Sec. 18 for in it current 
flows through the output branch only when voltage is applied to the 
input. For the same reason it is also useful for amplifying low fre- 
quency alternating voltages. 


V. AMPLIFIER POWER SUPPLY 


The proper power supply for amplifiers is an item of prime im- 
portance. 

25. Plate Voltage Supply. The principal requirement placed on 
plate voltage is that it be steady. For this reason storage batteries 
are usually best, but good dry cells are more often used and when 
fresh, prove very satisfactory. The principal trouble encountered 
in the use of dry cells arises from an attempt to use partially rundown 
cells. A dry battery should be tested periodically for voltage, the 
reading being taken while the battery is delivering a current at least 
as large as that drawn by the amplifier. Whether dry cells or storage 
cells are used for plate voltage, in general not more than four stages 
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should be operated from a single battery. In the case of a retard 
coupled amplifier whose stages are tuned with condensers, each stage 
should preferably have a separate plate battery to reduce the tendency 
to ‘“‘sing.”’ 

A generator as a source of plate voltage is frequently used for 
power amplifiers. In case a direct current generatur is used, a filter 
is generally necessary in the plate circuit to remove commutator 
ripples. 

26. Filament Voltage Supply. A source of constant filament voliage 
is not necessary in order to insure constant space current within the 
tubes at temperature saturation, but in general any variation in fila- 
ment current will affect the relative potential difference between 
filament and grid, and is, therefore, equivalent to a variation in the 
input voltage. This possible source of trouble must be particularly 
guarded against in such a circuit as that shown in Fig. 25, in which a 
portion of the adjustable resistance of the filament circuit is included 
between the filament and the “common point” A. If storage batteries 
are available, they form the best source of Hlament current; generators 
have been used satisfactorily however. 

27. Sources of Grid Potential. A flow of electrons to the grid of a 
tube is liable to result either in distortion or a loss of amplification or 
both (see Sees. 15 and 16). The steady negative grid potential re- 
quired to prevent the input voltage carrying the grid to a positive 
potential may be obtained from either one of two sources: by a grid 
battery or by an 7R drop in some resistance in the circuit. The re- 
quirements for a grid battery are very light since it is called upon to 
give no appreciable current. As was pointed out in Sec. 26, use of 
an IR drop tor grid voltage pre-supposes steady filament or plate 
battery according to circumstances, and since the proper grid battery 
is readily obtainable the use of an 7R drop is likely to prove desirable 
only in very unusual circumstances. 


VI. TrRouBLES IN AMPLIFIER CIRCUITS 


28. Noise. The noise in amplifier circuits is due to several causes 
which may, in general, be grouped into two classes. Certain noises 
originate within the tubes and other noises find their origin in the 
circuit. The amount of noise in any amplifier limits the minimurn 
input voltages which it will handle satisfactorily, for obviously input 
voltages which produce output currents of the same order of magni- 
tude as the currents giving rise to noise will not be satisfactorily 
amplified. 
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29. Tube Noises. Tubes may be responsible for three distinct 
kinds of noises. (a) Ringing or rattling is due to the vibration of the 
tube elements and may be eliminated by proper tube construction or 
by some form of vibration proof suspension for the early stages of the 
amplifier. (b) Crackling may be produced by high resistance films 
on the inner su.face of the bulb, forming conducting paths between 
the leads. Faulty electrical contact between the plate, grid and 
filament and their respective leads is also a frequent source of crackling. 
Furthermore, in tubes which are well constructed in regard to the 
points just mentioned, but which contain tungsten filament, crackling 
may be observed. This trouble is not found in all tungsten filament 
tubes but, when present, is sufficiently marked to become apparent 
in a two stage amplifier. (c) In carefully constructed amplifiers of 
more than three or four stages a noise which can best be described 
as a hissing or sighing is certain to be present. It appears to be re- 
lated to an unavoidable statistical variation in the escape of electrons 
through the grid to the plate. Its magnitude has been found to cor- 
respond approximately to an output voltage from the first stage of 
between 5X1077 volts and 5X10°° volts. Between these limits 
the noise is found to increase as the output impedance of the first 
stage is increased, and also to increase as the resistance across the 
terminals of the input increases. Its components, above 300 cycles, 
appear to be of about equal magnitude and uniformly distributed. 
It is, therefore, impossible at the present time to build amplifiers to 
handle voltages of less than this order of magnitude, at any rate 
when the frequencies involved are in the audible range. 

30. Circuit Noises. In general, circuit noises in amplifiers are due 
to one or more of the following causes: variations in grid and plate 
batteries, loose contacts and variations in resistances, leakage of con- 
densers and leakage across the insulating mounting upon which the 
amplifier parts are fastened, and external electric or magnetic fields 
acting inductively on the circuit. The remedy in each case is obvi- 
ous once the exact cause has been found. To eliminate inductive 
effects in the wiring it is usually sufficient to run wires in pairs and 
to shield them electrically, the shielding being grounded. In laying 
out the various parts of an amplifier it is well to place the bulky pieces 
at points in the circuit at which they will have as near zero potential 
as possible. 

31. Singing. Singing, which is one of the most serious troubles in 
amplifiers, is always due to some form of feed-back. This may be 
magnetic, electrostatic, or in the form of mechanical vibrations as in 
an amplifier having a microphone attached to the input and a receiver 
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to the output. Mechanical feed-back can also occur in the case of 
tubes whose parts can easily be set into vibration and a cure is usually 
found in some form of vibration-proof mounting. The coupling 
which is responsible for feed-back may be difficult to locate, but when 
found can usually be removed. Both retard coils and transformers 
may afford an easy method of coupling due to stray fields. If the 
coupling induces voltages which are in phase with the input voltages, 
it may cause singing, and if out of phase, the amplification may be 
seriously reduced. Closed core coils and magnetic shields are the 
usual remedies for this condition, although a rearrangement of the 
circuit parts may be necessary. 

Certain kinds of electrostatic feed-back may be removed by en- 
closing each stage in a separate grounded metal cage or box. The 
electrostatic coupling due to tube capacities (Sec. 13) cannot be 
eliminated but it is possible to so design circuits that trouble from 
this source will not present itself. Thus an inductive impedance in 
the output circuit may prove troublesome because it induces a negative 
resistance back in the input circuit; a non-inductive output can never 
do this. Feed-back through tubes increases with frequency,“and in 
the case of high frequencies, it may sometimes be necessary to use 
resistance coupled rather than reactance coupled circuits. 

32. Blocking. Two entirely different types of blocking may occur 
in an amplifier. They both result from the grid of one 6r more tubes 
having been carried to a positive potential by the input voltage. 
While positive, the grid picks up a negative charge of electrons which 
is removed more or less rapidly by the grid leak. In case the leak 
resistance is high, a residual charge may remain upon the grid for an 
appreciable length of time, depressing its mean potential to so low 
a value that the output of the tube is cut to zero or very nearly zero. 
The remedy is obviously to reduce the input voltage or to increase 
the voltage of the negative grid battery. In certain cases, a read- 
justment of the resistance of the grid leak may be desirable. 

The second type of blocking involves secondary emission from the 
grid as discussed in Sec. 9. It can occur only when the input is 
sufficient to force the grid potential of some tube positive by as much 
as 10 or 15 volts, and then if the grid leak resistance is large enough, 
secondary emission will hold the grid at about this positive potential 
and entirely prevent proper functioning of the amplifier. In elimi- 
nating this type of blocking, the first step should be to note the effect 
of increasing the filament currents as secondary emission is less likely 
to occur when the filament yields a copious supply of electrons. If 
this does not remove the trouble, the negative grid batteries in the 
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stages at fault may be increased and lower grid leaks may be desir- 
able. The volume of input to each stage should also be considered. 

33. Distortion. Distortion in an amplifier circuit may result either 
from a failure to amplify all frequencies by the same amount or from 
the generation of overtones of the fundamental frequencies in the 
input. 

The unequal amplification of various frequencies arises from the 
presence of resonant characteristics in the circuit. This may take 
the form of a feed-back which discriminates in favor of certain fre- 
quencies, the feed-back not being pronounced enough to cause singing. 
A negative feed-back may also occur, causing a loss of efficiency over 
some particular frequency range. 

The distortion which arises from the generation of overtones is due 
to non-linear voltage-current characteristics in one or more branches 
of the circuit. The usual sources of this trouble are curvature of the 
plate and grid characteristics (See Equation 4) and the variable 
permeability of the iron used as cores. With properly chosen coils, 
practically distortionless amplification can be secured by the method 
indicated in Sec. 12. In general, to accomplish this, the output 
impedance need not be more than two or three times 7,. In case it 
is necessary to use a low output impedance in the final stage, distortion 
may be reduced by using the push-pull circuit of Sec. 23. 

In using an amplifier under circumstances such that distortionless 
output is desired, care should be taken that no tube by itself is over- 
loaded or caused to work in such fashion that its dynamic character- 
istic is curved. Distortion which arises from curvature of this char- 
acteristic can be detected by inserting an ammeter in the plate circuit 
of each tube. When each characteristic is straight, or nearly so, 
there should be no change in ammeter reading as the source of input 
voltage is thrown on and off, and in the case of a variable input such 
as that arising from speech, the ammeter readings should remain 
constant while the amplifier is in operation. This test will not detect 
distortion which arises from selective amplification with respect. to 
frequency. 

34. Calculation and Measurement of Amplification. Provided all 
parts of an amplifier circuit are functioning properly and its constants 
are known, its amplification can be calculated quite accurately. The 
following example will illustrate the procedure to be followed in any 
case. Referring to the transformer coupled amplifier of Fig. 26, as- 
sume that the ratio of the first input transformer is 2:2; and that the 
ratio of the second input transformer is 22:23; assume also that 2» is 


numerically equal to ry, the plate circuit resistance of the first tube. 
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Then, calling e, the input voltage, the voltage across the first tube is 


since 22 is numerically equal to ry; and across the secondary is 


3 


ls, 


Hence the voltage amplification of this portion of the amplifier is 


| 
| 23 
Nz,’ 
and a similar argument applies to the following stages. 
The measurement of amplification can be accomplished by the 
obvious procedure of determining the magnitudes or the relative 


magnitudes of the input and output current. This can be done for 
either a single stage or for several stages at once. 
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Fig. 34 


A very satisfactory circuit for measuring amplification is illus- 
trated in Fig. 34 and through use of a vacuum tube voltmeter (see 
Sec. 56) as a comparison means, it is capable of an accuracy of about 
27. The conditions which the resistances R; and Ro, etc., should 
satisfy are very simple. The network connected between the oscilla- 
tor and amplifier input should present an impedance, looking into 
it from the right, equal to the input impedance of the amplifier; like- 
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wise the output impedance of the amplifier should equal 2Ry. The 
input impedance of the vacuum tube voltmeter is so high as not to 
shunt the resistances across which it is connected appreciably. The 
grounds at the mid points eliminate the disturbing effects of capacities 
to ground. Under these conditions the voltage amplification a is 
given by the equation: 


+R) 
in which a, 8 are the fractions of R; and Ry respectively, across which 
the voltmeter is connected to obtain equal readings when the switch 
Wis thrown from one position to the other. In case Ry is made quite 
small with respect to Ry, Rs, the expression for a reduces approximately 
9 

to a=~. An expression for current amplification can readily be 
B 

derived. 

Another simple measuring circuit is shown in Fig. 34a in which 
O is an oscillator of the desired frequency, F is a filter to remove 
harmonics from the oscillator current, Ri Rs and RR, are attenuating 
networks consisting of resistances, WIVW are switches by which the 
telephone receiver 7 can be joined either to the output of the amplifier 
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or directly to the oscillator, and also provide means for removing the 
known attenuation in the shunt Sh (receiver shunt) at the same time 
the amplifier is removed. By the proper design of the receiver shunt, 
which will be discussed presently, the attenuation required to give the 
same volume of sound in the receiver whether the amplifier is in or 
out may be read directly. 

In setting up the circuit of Fig. 34a, special attention must be given 
to the networks R, Ry and R;Ry. In addition to reducing the input 
to the amplifier to a value safely below the overload point, Ri Ry should 
be designed to present an impedance (when seen from the amplifier) 
equal to that out of which the amplifier is to operate in service. Other- 
wise the measurements of amplification may be without significance. 
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The network RR, serves two important purposes. It is designed 
to present toward the amplifier the same impedance as the amplifier 
is to work into in service, and this in turn requires that the input and 
output impedances of the amplifier be practically equal (or if not, 
then small with respect to R,) for otherwise the network R;Ry when 
joined to R,R»y will not draw the same fraction of current as the 
amplifier, thereby upsetting the comparison upon which the measure- 
ments are based. Furthermore, the attenuation in R,Ry is to be 
sufficiently large that variations in the impedance of the receiver and 
its shunt as seen from R;R, will not appreciably affect the impedance 
into which the amplifier works as the receiver shunt setting is changed. 
A simple calculation will show how great the attenuation must be in 
any given case to satisfy these conditions. 

Proper values for the steps of the receiver shunt may be calculated 
as follows, reference being made to Fig. 35 in which the currents and 
potentials indicated are in accordance with the assumptions made 
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regarding the attenuation in the various portions of the circuit. 
Calling a the amplification to be measured it may readily be shown 
that 
a—1) ry 
(9) 
ad lo 
Or if Ris the impedance of the network R3R,y as seen from the receiver, 
and the shunt S/ is proportioned so that it also presents the impedance 
R to the receiver, whence 


Ror | 
then Equation (4) gives 
a= 
Ye 


Taking account of the necessary approximations it is readily pos- 


sible to measure current amplification to within 57, for a range of 
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frequencies extending from 200 to 3,000 cycles. Receiver shunts are 
made which, in 10 to 15 steps, wil! reach a maximum reduction ratio 
in current of 25:1 which corresponds to an energy reduction of 625:1, 
and this does not represent the greatest range possible. 

In case a rougher approximation of the amplifving power is suffi- 
cient, the circuit of Fig. 34a may be simplified by omission of the 
network R3R, and reversal of the receiver shunt to present a constant 
impedance (except for variation of impedance with frequency and 
phase angle) toward the amplifier. The network R,R» should preter- 
ably be retained and should be so proportioned that the current 
through the right hand R, branches is practically the same whether 
connected with the amplifier or directly to the receiver. 

In measuring the over-all amplification of a multistage circuit, it 
will probably be desirable to add fixed but known attenuation units 
similar to R3R,y to the receiver shunt which may be cut in or out as 
required. These units may be given an attenuation equal to and 
twice the total attenuation of the shunt, ete., after the fashion of the 
ordinary resistance box. In constructing attenuation networks the 
arrangement indicated in Fig. 34a will be found desirable in that the 
symmetrical placing of the branches tends materially to eliminate 
errors which might otherwise arise due to capacities to ground in the 
oscillator and amplifier. Pairing of lead wires and shielding of leads 
and resistance coils will be found desirable for accurate work. 


The filter F should be used in case the amplifier tends, because of 
the limited range of frequencies which it passes or because of some 
other kind of distortion, to modify the quality of the note given by 
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the oscillator, it being very difficult to match sounds for intensity 
which differ in quality. 

A very satisfactory type of audio-frequency generator is shown in 
Fig. 86; it is a buzzer which operates, not by making and breaking 
current, but by varying it periodically with a microphonic button. 
The vibrating parts of this generator may be tuned to any audio- 
frequency, e.g. 800 cycles, and it gives quite accurately a sinusoidal 
variation of current, although it is customary to insert a filter (Sec. 6) 
to insure the input energy being accurately of one frequency. 


VII. THermiontc MopuLarors 


In discussing modulation the terminology which has been de- 
veloped in connection with radio and carrier-current signaling will 
be used. 

By the term 
a relatively high frequency wave, so that its envelope represents a 


‘modulation” is meant the varying of the amplitude of 


particular low frequency wave or combination of such waves. (See 
Curves A, B and C, Fig. 37). The combination of low frequency 


4 


th 

‘ 

wee 


Fig. 37 


modulating waves may be very complicated, as in the case of speech, 
but the principle involved is common to all cases of modulation and 
can be clearly brought out by the consideration of a single low fre- 
quency. 
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Let Fig. 37, C, represent a high frequency wave modulated by 
sinusoidal low frequency. The wave C can be represented by 

y=a(b qt) cos pt, (10) 

in which 2 is the high (carrier) frequency and 


the low (signal) fre- 


quency. Equation 8 can be rewritten in the form 
a 
y=ab COS pt + [eos (p f-cos Pp TY ( 11) 


which brings out the fact that the modulated wave C contains, in 


general, three distinct frequencies —the carrier frequency f , a ditfer- 


q p + = 


ence frequency and a summation frequency These latter 


frequencies represent the so-called “side bands” of the modulated wave. 

Two special cases of the wave represented by Equations 10 and 11 
are represented graphically at D and FE of Fig. 37 and correspond to 
b=1 and b=0 respectively. When $=1 it is evident that the ampli- 
tude of each side band is half the amplitude of the carrier frequency ; 
such a wave is said to be “completely modulated’; when )=0 the 


carrier frequency 


is absent altogether.*! 


35. Means for Producing Modulation. Perhaps the simplest case 
of modulation is that illustrated by continuous-wave radio telegraphy, 
in which the intermittent radiation of a uniform wave is accomplished 
by means of a telegraph key. In most cases, however, modulation 
requires a gradual change in the amplitude of the high frequency 
wave. For effecting this the vacuum tube possesses two properties 
which make it particularly useful—(a) the F&,./, characteristic is 
very nearly parabolic (Sec. 8); (b) the current in the plate circuit 
is a function of the grid potential (Fig. 10). 

Circuits, by means of which modulation may be effected by each of 
these properties, are described in the following paragraphs. 

36. Modulation by Curved Characteristic. Considering the circuit 
of the type illustrated in Fig. 38, let it be assumed that a voltage 

e=Acos Bcos ql 
is applied to the input of the tube. The result is shown graphically 
in Fig. 39. When this value of e is substituted in Equation 4 we 

"For a more complete discussion of modulation and the nature of the side bands, 


see R. V. L. Hartley, Procd. Inst. of Radio Engrs., Feb., 1923, or Bell System Technical 
Journal, Apr., 1923. 
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obtain for the modulated output (i.e., terms whose frequencies are of 
the order 


Jm at feos pt. (12) 


As pointed out above, the first term gives the carrier wave and the 
second term, the two side bands. It will be remembered that this 


| 
g 
| 


equation neglects terms of higher order than the second, which is 
permissible, so long as the tube characteristic is approximately 
parabolic. 

Certain points regarding Equation 12 should be noted. In the 
first place, the amplitude of the side bands is proportional to the 
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Voltage 


Grid Voltage 


Fig. 39 


product AB and is therefore, independent of the relative amplitudes 
of the original carrier and modulating frequencies. Also the modu- 
lated current is proportional to the first power of B, the amplitude 
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of the low frequency wave; i.e., although the modulation is effected 
by the curvature of the tube characteristic, the modulated output is 
free from distortion. Furthermore, the modulated output voltage 


is proportional to ———.. which is a maximum when r=} r,; and the 
3 


+ 


modulated output energy is proportional to - which is a maxi- 


r+Prp) 
mum when Py. 

Another type of circuit in which the modulation is dependent upon 
the curvature of the F,,/, characteristic is shown in Fig. 40. The 
two tubes are supposed to be alike; so long as no low frequency is im- 
pressed on the grids the high frequency space currents are equal, 


Fig. 40 


each passing through one of the primary coils of the transformer 7), 
the order of winding these coils being such that this condition gives 
zero current in the secondary. However, the presence of a low fre- 
quency voltage (L.F., Fig. 40) raises one grid potential at the same 
time that it lowers the other, with the result that the high frequency 
currents in the two primary coils are no longer equal, and a high 
frequency current therefore flows in the secondary of 7, the amplitude 
of which is determined by the degree to which the two tubes are 
unbalanced by the low frequency input. It is apparent that the out- 
put of this modulator circuit contains only the two side bands and 
none (or very little, if the tubes are not exactly identical) of the carrier 
frequency and therefore corresponds to curve / in Fig. 37. It is par- 
ticularly useful in communication circuits where several telephone or 
telegraph channels are desired on the same pair of wires. Since only 
the side bands are transmitted the total current which must be handled 
by repeaters and other line apparatus is materially reduced. By the 
use of the proper wave-filter it is also possible to suppress one side 
band, thereby approximately cutting to one half, the width of the 
frequency band to be transmitted. As will be pointed out under 
homodyne detection, the suppressed carrier frequency must be sup- 
plied locally before detection can occur. 
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37. Modulation Effected by Controlling Plate Current with Grid 
Potential. Numerous circuits have been developed for modulation, 
making use of the fact that the grid potential affects the resistance 
of the plate circuit. Two circuits of this type are shown in Figs. 


Fig. 41 


41 and 42. In the first, the plate circuit of the tube forms a shunt 
across a portion of the antenna inductance. As the grid potential is 
varied, the antenna is, therefore, thrown more or less out of tune, 
with the consequent radiation of a variable amount of high frequency 
energy. 

Fig. 42 shows one of the most efficient modulating schemes thus far 
developed. As the grid potential of the modulator tube A varies, 
causing a change in plate current through this tube, the plate voltage 


a6 A \ 
Fig. 42 


applied to the oscillator tube, B, fluctuates, because of the presence 
of the low frequency choke coil. Under this condition of variable 
plate-voltage the oscillator gives a variable amount of high frequency 
energy to the antenna. When used for speech modulation this 
circuit is very efficient and gives good quality. The tubes A and B 
are ordinarily of the same type. 

Many other modulating circuits have been designed, and those 
given above are to be considered merely as illustrative of the general 
manner in which the properties of the vacuum tube may be applied 
to the problem of modulation.” 


# For other types of modulator circuits see a paper by R. A. Heising, Procd. Inst. 
Radio Engrs., Aug., 1921, 
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VIII. THerwiontc DETECTORS 


Like the modulator the detector is a device for the production and 
separation of difference frequencies. The object of modulation is, in 


general, to transform a high frequency and a low frequency 2 


- 


into two high frequency side bands, “| Detection accomplishes 


the inverse operation of forming from a carrier frequency P 
us 


and either 


. . . - 
or both side bands the original low frequency fe , detection often being 


referred to as demodulation. Detection, like modulation, can be most 
readily described by the consideration of a single pair of frequencies. 

When carried out by means of a vacuum tube it results from rectifi- 
cation in either the grid circuit or the plate circuit. This rectification 


| 
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| 
Fig. 43 


may arise either from unilateral conductivity or a curved current- 
voltage characteristic as pointed out in the following paragraphs. 
38. Detection by Curved Plate Characteristic. Considering the circuit 
shown in Fig. 43 and assuming an input voltage e=.4(B+cos gt) cos pt, 
it follows from Equation 4 that the output current, considering only 


those terms whose frequencies are of the order 2 x 
Ja= ——. 1?7(B cos qt+— cos 2 qt). (13 


The current Jz, known as the ‘‘detected current,”’ therefore, consists 


. 
of a term whose frequency is 2 and another term whose frequency is 
us 


twice this. The presence of these two frequencies is readily under- 


stood. The detected current of frequency corresponds to the 
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76 
difference frequency (See Equations 10 and 11) of the carrier of ampli- 


A 
5 and is therefore propor- 


tude AB and each side band of amplitude 


A 
tional to 2.5). AB. The second term of the detected current  rep- 


. 
resents the difference frequency ! between the two side bands them- 
us 


9 


selves and, as is to be expected, its amplitude is proportional to * 


In case one of the side bands is suppressed before detection, this term 
of double frequency is entirely absent in the detected current. Fur- 
- 

thermore, the amplitude of the detected current of frequency A 
aT 
is independent of the relative amplitudes of the carrier wave and the 

side bands. In general, AB is large compared to - with the result 
that the term of double frequency in the detecting current is negligible. 
It follows, therefore, as in the case of modulation that the detecting 
current is practically free from distortion. 
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The detecting action resulting from the curved plate characteristic is 
shown in Fig. 44. 

Equation 13 leads to the result that the output voltage of a detector 
tube, when working as above, is a maximum when r=} ry. In using 
these relations note that r represents the value of the output resistance 
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for the high frequency and not the low frequency. When using an 
amplifier on the output of a detector (see Fig. 45), it is important to 
choose r to give the maximum detecting voltage. As in amplitier cir- 


45 


cults it is essential in this type of detector that the grid remain always 
negative. See also the sections on amplifiers. 

39. Detection by Rectification in Grid Circuit. This type of circuit 
(see Fig. 46) is now in very general use for radio purposes, and is 
characterized by the grid blocking condenser C,. Contrary to the 
preceding type of detector, the present requires the flow of electrons 
to the grid and works best when the grid is held permanently at a 
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small positive potential. The action of the high frequency input 
causes the periodic accumulation of a negative charge upon the grid 
and the blocking condenser, thus lowering /, and diminishing J». 
This action is clearly illustrated in Fig. 47. This circuit is most 
effective when the carrier frequency is much greater than the signal 
frequency, and not as efficient as the circuit described in Sec. 38 
when the carrier is say only four or five times as great as the signal 
frequency. 

Attempts to deduce a quantitative relation for the detecting current 
in this type of detector have as vet met with little success, one of the 
principal reasons being that very little is known about the “dynamic” 
grid current characteristic.” Experiments show, however, that the 


3% For a discussion of this topic see Hulbert & Breit, Phys. Rev., Nov., 1920, pp 
408-419; Oct., 1920, pp. 274-281. 
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detecting current is practically proportional to the square of the input 
voltage, provided that this is small, thus establishing the relation, 


Ja=ae’, 


which corresponds in form to Equation 13 above. 

In designing this type of detector circuit, attention must be paid 
to the value of the blocking condenser Cand its leak R,. It is clear 
that the capacity of C, should be sufficiently small to cause the grid 
to undergo the maximum potential change as a result of the relatively 
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small electron charge picked up, and yet it must be several times 
larger than the tube capacity between grid and filament.  Further- 
more, the time constant of C, and R, should approximately match 
the frequency of the detected current. With the more common de- 
tector tubes and radio frequencies, capacities of the order of 200 yuf. 
are satisfactory. 

Detector circuits with grid blocking condensers may be coupled to 
amplifiers as readily as the other type of detector, and, in general, a 
higher output resistance for the detector can be used, thus making 
possible more efficient coupling between the detector and the first 
stage of amplification. In increasing the output resistance of the 
detector it should, however, be borne in mind (see Sec. 13) that a 
secondary result is to reduce the input impedance of the detector, 
which may entail a reduced input voltage. 
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40. Heterodyne and Homodyne Detection. In continuous-wave radio 
telegraphy, the dots and dashes of the code are transmitted by a con- 
tinuous carrier wave of a single frequency. [/eterodyne reception 
consists in supplying a slightly different frequency at the receiving 
station, the transmitted and locally gencrated frequencies when ap- 
plied to the detector acting exactly as the carrier and side band fre- 
quency described above. The useful output of the detector is the 
difference frequency which, of course, is chosen in the audible range. 

It follows from Sec. 38 that the heterodyne detecting current is 
proportional to the product of the amplitudes of the transmitted and 
locally generated waves. Because of this fact a feedback circuit may 
be used to advantage as a means of increasing the strength of both 
high frequency terms. In the usual type of feed-back detector, the 
detector tube is also used as the source of local high frequency. Such 
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a circuit is shown in Fig. 48. The oscillatory circuit O is tuned to 
differ in frequency from the incoming signal by an amount which will 
give a satisfactory difference frequency in the telephone receiver 7. 
By varying the coupling at JV, the intensity of the beat note can be 
readily changed. It must, however, be sufficient to cause the circuit 
as a whole to oscillate at the natural frequency of O. A feed- 
back arrangement is particularly applicable to those cases in which 
the carrier frequency is much higher than the signal frequency and 
is therefore generally used with a blocking condenser. 

In telephone systems, whether radio or carrier current, it is fre- 
quently desirable to suppress the carrier frequency and transmit only 
one* or both of the side bands. Detection with only the side bands 
present would result in a double frequency detecting current which 
obviously would not be permissible in a telephone circuit. Whenever 


4 For a discussion of the advantages of stng/e side band transmission, see reference 


given in footnote 13. 
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the side bands alone are transmitted, a locally generated high fre- 
quency exactly equal in frequency and phase to the original carrier 
frequency must be supplied.®® This is known as homodyne reception. 

41. Measurement of Detection Coefficient. The constant a in the 
relation J;=ae? is called the ‘‘detection coefficient.” Its measurement 
by direct means is not difficult but as seen from Equation 13 it involves 
so many factors that no satisfactory indirect methods of determina- 
tion have been developed. The requirements of the direct method 
are quite obvious, and for circuit details reference is made to the 
Thermionic Vacuum Tube by van der Bijl. 

$2. Detecting Efficiency. A knowledge of the detecting coefficient a 
tells very little about the detecting efficiency of a tube, the efficiency 
being defined as the ratio between the low frequency energy in the 
output and the high frequency energy in the input. The efficiency 
involves the input impedance of the tube which is a function of the 
circuit constants as well as the tube. It is therefore impossible to 
specify the detecting efficiency of a tube without certain data con- 
cerning the circuit in which it is to be used; @ is therefore without 
much significance. 


Fig. 49 


43. Detecting Coefficient and Plate Voltage. The variation of the 
detecting coefficient with plate voltage depends upon the type of 
circuit. If detection is accomplished by a curved plate characteristic, 
experiment shows (see Fig. 49) that the operation is best when the 
effective voltage is about equal to the potential drop in the filament, 


© See J. R. Carson, Proed. Institute of Radio Engineers, Vol. I], p. 271, 1923. 


: 
4s 
: 
; 
; 
| 
: 
| 
\ 
4 
| 
| 
| 
| 
| 
| 
1 
4 


THERMIONIC VACUUM TUBES 81 


it being presupposed (see Sec. 38) that FE, is enough less than zero to 
keep the grid negative at all times. If detection is accomplished by 
means of a blocking condenser, the variation is as shown in Fig. 50, 
no sharply defined maximum being present in the curve. 


Fig. 50 Fig. 51 


The variations of detected current under heterodyne operation are 
shown in Figs. 51 and 52 which refer respectively to detection with 
and without a_ blocking condenser. The abscissa, eyes, gives the 
product of the two high frequency amplitudes in the input. As is 
to be expected when no grid condenser is used (see Equation 13), the 


Fig. 52 


variation of detected current with ej¢, is very nearly linear provided 
E, is sufficiently negative. Fig. 51 referring to detection with grid 
condenser shows no linear relation however. The data for Figs. 51 
and 52 are taken from Van der Bij}. 

44. Comparison of Tubes as Detectors. Uf a tube is available whose 
detecting coefficient is known, other tubes may be calibrated in terms 
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of this standard. The comparison of detectors can be very readily 
carried out by means of such a circuit as shown in Fig. 53. This 
circuit makes use of a grid blocking condenser but could readily be 
rearranged not to employ it. In use, switches S and A are operated 
together in such manner that the receiver shunt is cut out when the 
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receiver is connected to the tube of lower detecting power. By proper 
adjustment of the shunt the two tubes can then be brought to apparent 
equality, the difference being read from the calibration of the shunt. 


IX. Vacuum TuBE OSCILLATORS 


As pointed out in the section on amplifiers, it is easy to design feed- 
back circuits which will sing, ie., will generate continuous oscillations. 
The necessary requirements which an oscillating circuit must meet 
are two in number and are readily understood. Any small alternating 
voltage when applied to the input generates a current in the output, 
and by virtue of the feed-back a portion of this energy is returned to 
the input. For continuous oscillations, the energy returned must be 
in phase with the original input supply. Furthermore, letting e 
represent the initial input voltage, the feed-back coupling must be 
sufficient to return to the input a voltage greater than e. If it is less 
than e the circuit will amplify but will not oscillate. 

The circuit requirements necessary for any given tube to return a 
voltage greater than e may readily be stated in mathematical form, 
but so far as the practical design of oscillators is concerned, this state- 
ment has no particular value. The design of circuits is still very largely 
an empirical matter, and the problem is not so much to make the 
circuit oscillate as to make it oscillate with the proper frequency, 
efhciency and output power. These requirements can usually best be 
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met by trial and adjustment taking into account such general theo- 
retical considerations as follows. 

Vacuum tube oscillators make a convenient way of obtaining 
large high frequency currents at small voltages and large a.c. voltages 
at small currents for testing purposes. * special oscillator circuit 
for giving a very pure sine wave output of constant frequency is dis- 
cussed in Sec. 53. 

45. Equivalent Resistance of the Oscillator Circuit. Oscillator cir- 
cuits are of many types, but the fundamental action of all of them 
can be reduced to common terms, and to simplify the discussion the 
type of circuit illustrated in Fig. 54 will be discussed. 

It will be noted that a d.c. voltage is applied between filament and 
plate by means of a battery in series with a choke coil. This choke 


— 


r 


may be considered as having zero d.c. resistance and virtually an 
infinite resistance to the a.c. generated by the oscillator. An oscillat- 
ing circuit consisting of inductance, resistance and capacity is also 
connected between filament and plate, and by means of another in- 
ductance joining filament and grid a portion of the output energy is 
fed back to the input by virtue of the inductive coupling JV. 

In circuits as usually constructed the ohmic resistances 7; and r2 
of the oscillating circuit are very small compared to the impedances 
of L, and C. It follows that the frequency of oscillation differs but 
slightly from the natural frequency 1 27y L.C, and the oscillating 
circuit may therefore, be looked upon as introducing nothing more 
than a pure resistance (so far as the fundamental component of J, is 
concerned) into the output circuit of the tube. Except for consider- 
ations of feed-back, we may therefore imagine the oscillating circuit 
Le, C, replaced by an equivalent resistance whose value is given by 

ritres 
ant in dealing with oscillating circuits. 

%See W. C. White, Gen. Elect. Rev., Vol. 20, p. 635, 1917. 


the equation R= This “equivalent resistance” is import- 
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46. Phase Relations. Typical phase relations between the various 
currents and voltages in the oscillating circuit are illustrated by the 
oscillograms in Fig. 55. Note that the oscillation current /,, and 
also Ey, and FE, show practically sinusoidal variations. Such variations 


Plate Voltage 


(srid Voltage 


Plate Current 


Current 


Oscillating Current 


Current 


Fig. 55 


will be found over very wide ranges of adjustment. Although 7, does 
not show a sinusoidal variation, the fundamental component (whose 
frequency is the same as that of J,) is relatively much larger than 
the higher components. 

Note that the variations of /, and E, are practically 180° out of 
phase, and also that E, and the fundamental of J, are 180° out of 
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phase. This latter condition is obviously required for maximum 
power output by an a.c. generator. In order that 7, be a maximum 
when £, is a minimum, /, must be a maximum at this time. 

47. Dynamic Characeristic. A tube when operating into an output 
resistance follows a dynamic characteristic (also called derived char- 
acteristic)” whose slope is somewhat less than that of the static (see 
Sec. 12). The dynamic characteristic is flatter than the static char- 
acteristic since the oscillating circuit Le, C acts as an equivalent re- 
sistance. In fact, the dynamic characteristic of the oscillatinz tube 
may differ in one important respect from that of Sec. 12, for in an 
oscillator the grid potential has a relatively very high positive value 
for a portion of the evele. Consequently the dynamic plate char- 
acteristic very frequently turns downward at its upper end (point B, 
Fig. 56). As will be pointed out later, this feature of the dynamic 


characteristic is likely to be one of the factors tending to limit the 
amplitude of oscillation. 

48. Amplitude of Oscillation. As yet no very comprehensive 
formula has been derived, either theoretically or empirically, to express 
the amplitude of oscillation in terms of the tube and circuit constants 
and the applied /,. However, certain general statements can be 
made which will serve as useful guides. 

We shall not consider further the circuit shown in Fig. 54; it shows 
a negative grid battery in the grid filament branch, which, if sufficiently 
large to control the oscillator when in operation, usually makes the 
starting difficult and uncertain, and is therefore undesirable. To 
eliminate the grid battery and vet supply sufficient negative potential, 
once oscillations have started, circuits are usually supplied with a 
grid blocking condenser and high resistance leak (see Figs. 64 and 
65). Since for a portion of each oscillation the grid is positive, it 


7 See L. A. Hazeltine, Procd. Inst. of Radio Engrs., April, 1918. 
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picks up a charge of electrons which in flowing off through the leak 
creates an average negative grid potential. It is apparent that as the 
amplitude of oscillation increases, the charge picked up at each posi- 
tive swing of the grid potential increases, with the result that this 
average negative potential tends to sink lower. The importance of 
this control feature will be brought out presently. 

It is generally found that the oscillations build up to such a value 
that the greatest positive potential of the grid, which will be repre- 
sented by Fyyay, becomes practically equal to the lowest plate po- 
tential, Epi, It is not difficult to understand why this condition 
should represent a sort of limit. It is usually found that the dynamic 
characteristic, as shown at B, Fig. 56, tends to bend rapidly downward 
as becomes greater than Ey yin. When Egnaxy tends to become 
greater than Ey,,;, the electron current to the grid rises suddenly (see 
cathode ray oscillogram, Fig. 57) with the result that the average 


current flowing through the grid leak increases very rapidly, which 
in turn results in a marked depression of the average grid potential. 
The increased electron current to the grid as FE, tends to become 
greater than /,,,;, also represents a greater dissipation of energy upon 
the grid which is equivalent to an increase in the effective resistance R. 
It is quite possible that any one of these three factors, in the absence 
of the others, would be sufficient to limit the oscillations; but as each 
springs into importance when the amplitude of the oscillation has 
reached about the same value, we shall not discuss the exact com- 
bination of the three which actually determines the amplitude. 
Adopting the relation ymin and making the additional 
assumption that the dynamic characteristic is straight (which is very 
nearly true) an expression for the amplitude of oscillation can readily 
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be obtained. Introducing certain approximations this expression 
may be written, 


imn(R+Ro) = Ep, (14) 


in which terms of the order —— are neglected in comparison to unity. 


Ip, is the fundamental component of the space current, /, is the mean 
plate voltage and the term R, is largely determined by the tube, and 
while not generally equal to r,, is apparently not much different from 
it. This equation indicates that the amplitude of oscillation is prac- 
tically independent of the value of u. 

The remarkably simple relation given by Equation 14 has been 
tested for a wide variety of circuits and tubes and has been found 
to hold with a very fair degree of accuracy. It may safely be taken 
as indicating quite approximately what response may be expected 
from any tube and circuit when operated at a particular applied E,. 
The equation is likely to be more closely followed the more carefully 
the adjustment of circuit for maximum efficiency has been made. 

The condition # 


gmax 


ymin Should not be considered as invariable. 


Adjustments can readily be made for which F, will either be ap- 


AN ~ 
Fig. 58 
preciably less or greater than /y,,,,. It is generally found how- 


ever that these adjustments do not give the most efficient operation. 
Additional information as to the relation between the amplitude of 
oscillation and certain circuit constants are given in Figs. 58, 59, 60, 
61. Fig. 59 shows that an oscillator tube may present a well-defined 
condition of temperature saturation. Figs. 60 and 61 show that the 
value of the feed-back voltage and grid leak resistance r, may be 
varied within wide limits without affecting the output markedly. 
49. Efficiency. The efficiency of an oscillator may be defined as 
the ratio between the energy of oscillatory current and the d.c. energy 
supplied to the plate circuit. This leaves out of account the energy 
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required to actuate the filament. The efficiency of oscillator circuits 
ranges all the way from a few per cent. to as high as 90°; or better. 
The principal factors determining the efficiency are those which 
determine the amount of energy dissipated upon the plate of the tube. 
Inspection of the oscillogram, Fig. 55, shows that the sharper and 


narrower the plate current wave and the more nearly the plate voltage 
approaches zero, the higher will be the efficiency. In an extreme 
case such as the hypothetical one illustrated in Fig. 62 it is evident 
that the efficiency would be very large indeed. The uw of the tube 


| | 
+ 44 + + 
a 
4 
* 
Fig. 60 Fig. 61 


largely determines the sharpness of the plate current wave and ex- 
perience shows that for efficiencies of about 50°7 and better, w should 
be at least ten; an increase above this value does not result in any 
very large improvement. It is also generally true that for the highest 
efficiencies the circuit constants should be so arranged that R is at 
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least four or five times as great as ry, and it may advantageously be 
made 10 to 15 times as great. In these latter cases Ry is relatively 


Fig. 62 


negligible compared to R in Equation 14 with the result that 7,; can 
be quite accurately calculated although the exact value of Ry may be 
unknown. 

50. Types of Oscillating Circuits. There are many different types 
of oscillating circuits and as they do not lend themselves readily to 
classification, only a few of the more common types will be described. 

One of the simplest oscillating circuits is that shown in Fig. 63 
which is characterized by a tuned grid circuit inductively coupled 


Fig. 63 


toa coil in the output. This type is satisfactory for low plate voltages 
and small powers, but is not to be recommended where large amounts 
of power and high efficiencies are desired. 

The condenser C, is inserted to prevent short circuiting of the 
plate battery or generator and may be made so large as to have no 
effect on the frequency. 

A circuit of similar properties is shown in Fig. 64, the output bein« 
tuned instead of the input. 

51. Colpitts and Hartley Circuits. Two very similar types of circuits 
which have proved satisfactory for a wide range of frequencies, voltages 
and powers, and which yield very high efficiencies, are shown in 
Figs. 64 and 65, the former being known as the Colpitts and the latter 
as the Hartley circuit. In both circuits, as illustrated, the mean grid 
potential is secured by a grid leak. The blocking condenser C 
should be large enough to offer very little impedance to the flow of 
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the alternating current which causes the variation of the grid potential 
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and as seen in Fig. 61 the resistance of the leak can be varied within 
wide limits without an appreciable effect upon the performance of the 
circuit. The source of plate potential may be either battery. or 
generator. The choke in the generator supply should be sufficiently 
large to prevent an appreciable amount of oscillating current flowing 
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through the generator. In order to avoid short circuiting the generator 
in the Hartley circuit, a large condenser C, is interposed as shown in 
Fig. 65. For high frequencies it is customary to make this con- 
denser so large that it has very little effect upon the frequency of 
oscillation. 

The power of the oscillating current may be removed either by 
capacity or magnetic coupling, or it may be dissipated by resistance 
within the oscillating circuit. Magnetic coupling is very satisfactory 
for radio frequencies, but for the audio frequencies unless iron core 
transformers are used, capacity coupling usually proves more con- 
venient. In regard to the use of iron core inductance and transformers, 
the reader should note the following Section. 

52. Frequency of Oscillation. It is frequently found that the tube 
causes an appreciable deviation from the calculated frequency of 
oscillation. This is not so much because the tube influences the 
normal operation of the oscillating circuit as it is due to the fact that 
the impedances of inductance coils (particularly when iron cored) and 
of the condensers are liable to vary in value with the current amplitude. 
Hence any change in applied piate potential, filament current, or out- 
put resistance, because of its effect upon the amplitude of the oscillat- 
ing current, will give rise to changes in frequency. In designing cir- 
cuits to operate at a constant frequency regardless of slight changes 
in tube constants, plate potential, filament current, etc., the most 
important requirement is to provide inductances and condensers whose 
impedances are independent of the currents they carry, and whose 
resistance Components are very small. 
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53. Oscillator for A.C. Measurement Purposes. For many a.c. 
measuring purposes an oscillator whose output is both free from 
harmonics and constant in frequency is desirable. Such a circuit is 
shown in Fig. 66. the design of which is radically different from the 
oscillator circuits already discussed. It possesses a tuned input LC 
and coupling is supplied by the resistance R. R is usually given a 
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Fig. 66 


value between 100,000 and 400,000 ohms. A negative grid battery 
fixes the average grid voltage, the emf, of this battery being about 
8 to 10 volts. It is customary to make the resistances r; amd rs 
several thousands ohms apiece, 7; being perhaps 5 times ro. The 
condenser C; is merely a blocking condenser and should offer little 
impedance to the a.c. 

It is not difficult to make the oscillator of Fig. 6S maintain a fre- 
quency that is constant within 3 10 of 16) and when the feed-back 
is not too large the harmonics in the output will comprise only 5; 
or even less of the total a.c. output. 

54. Range of Frequencies Obtainable with Vacuum Tube Oscillators. 
Circuits have been constructed whose frequency is but a fraction 
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of a cycle per second. The requirements of such a circuit are large 
inductance and capacity and very close coupling between input and 
output. Asatisfactory circuit for low frequencies is that shown in Fig. 
67; the two inductances taking the form of an iron core transformer. 


BS 
+ 
= 
| 
| 
| | 
= 
ie. 6 
Gye 
aes 
ak 
4 
4 


92 BELL. SYSTEM TECHNICAL JOURNAL 


At the other extreme, frequencies as high as 5X10" cycles per 
second can be obtained by means of tuned vacuum tube circuits 
of the Hartley or Colpitt type. At this point the coupling reactance 
of the tube becomes appreciable with that of the circuit. 

Circuits capable of considerably higher frequencies have been 
described by Van der Southworth,*® Gutton and Touly,* and 
Holborn.’ In all of these cases the oscillatory circuit is made up of 
distributed inductance and capacity connected to the tube in such a 
Way as to utilize the capacity between the elements of the tube as a 
means of coupling. 

The circuit shown in Fig. 68, when properly arranged, is as efficient 
as those used for lower frequencies and will give frequencies as high 
as 310° evcles per second. The oscillatory circuit ts indicated by 
the heavy lines. It consists of a rectangle whose dimensions are 
appreciable with the wave length. Therefore, waves produced by 
Variations in the electron emission through the grid are guided along 
the rectangle and are reflected at the ends. The reflected waves 
produce the proper voltage changes on the grid to sustain oscilla- 
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tions. The ground imposed by the power leads places at feast one 
point of the circuit at earth potential. Tf the condenser C is properly 
adjusted relative to the capacity between the grid and the plate the 
wave front can be made essentially perpendicular to the sides of the 
rectangle. It has been found that a large part of the power loss in 
the circuit is due to radiation. This circuit has been used as a basis 
7 B. van der Pol, Phil. Mag., 38, July, 1919. 

38 (4. C. Southworth, Radio Rev., 1, Sept., 1920. 

8% Gutton and Touly, Comptes Rendus, 168, Feb. 3, L919. 

# F, Holborn, Zs. fur Physik, 6, p. 328. 
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of directive radio in which a metallic mirror was used to reflect the 
transmitted signals. 

Very different means of producing high frequencies have been used 
by R. Whiddington," Barkhausen and Kunz,” and by Gill and Mor- 
rell.8 In some cases they employ tubes having considerable residual 
gas. The frequencies produced depend on the relative voltages ap- 
plied to the grid and plate. Probably the best explanation of this 
phenomenon has been given by Gill and Morrell. Frequencies higher 
than 3X 10* eveles per second have been reported. 

The most accurate way of measuring these high frequencies is by 
observing the length of standing waves produced on a parallel wire 
system. The constancy of the vacuum tube generator, compared 
with spark ocsillators, combined with the fact that the sharpness of 
resonance in a parallel wire circuit is comparable with that in ordinary 
radio circuits, makes it especially adaptable to measurement  pur- 
poses. It may be used, for example, to measure small inductances 
and capacities or to determine the dielectric constant of liquids. 
Many of the corrections necessary when a damped source is used are 
eliminated, 

5d. The Mechanically Coupled Oscillator. In addition to the types 
of oscillators described above where the frequency is determined by 


lig. 


inductance and capacity, we may have oscillators in which the fre- 
quency is governed by a mechanical system such as a pendulum or a 
tuning fork.“ An example is shown in Fig. 68a. The two coils 


41 R, Widdington, Radio Rev., 1, Nov., 1919. 

# Barkhausen and Kunz, Phys. Zs., Jan, 1, 1920 

43 Gill and Morrell, Phil. Mag., 44, July, 1922 

4See Eckhardt, Karcher and Keiser, J. O. S. A. & B.S. 1., Vol. 6, p. 948, 1922 
Eccles & Jordan, Phys. Soc. Proce. 31, Aug., 1919 and Phys. Soc. Proc. 32, Aug., 1920 
Abraham & Bloch, J. d. Physique, Vol. 9, July, 1920, 
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LL, are inserted in the plate and grid circuits of the tube. Variations 
in the plate current through the coil Ly, impress forces on the tuning 
fork which result in its motion. This motion of the fork causes 
variations in the magnetic field through ZL, and induces a varying 
voltage on the grid. With the proper coupling, sustained oscillations 
result having a period very nearly that of the tuning fork. 

The electrically driven tuning fork described above constitutes a 
very satisfactory source of either sound or electromotive force. Hor- 
ton, Ricker and Morrison ® have made improvements which make it 
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Fig: 68b 


constant in amplitude and frequency to six parts in a million over very 
long periods of time. 

An entirely different form of mechanical coupling has been used by 
Cady.” The circuit is shown in Fig. 68b. It makes use of the 
piezo-electric effect and mechanical vibrations of a crystal. Varia- 
tions in the plate current in the tube 9 cause a voltage change across the 
resistance 5. This is communicated to a crystal AB such as quartz by 
means of the plates 2 and 4. A transverse electric field applied to 
such a crystal causes a change in its length. If this electric field be 
periodic, Compression waves will travel along the crystal with a 
velocity. depending on its density and elastic properties. These 
waves will, in turn, cause a varying electric field between plates 1 
and 3 which may be communicated to the grid of the tube 7, amplified 
by 8, and finally transmitted to tube 9. This provides conditions 
for sustained oscillations having a frequency which is roughly in- 
versely proportional to the length of the crystal. 

Cady describes oscillators ranging in frequency from 3X 10% to 10°, 
and states that the frequency is constant to about one part in 10,000. 
The effect of temperature change is not great. 


4 Journal of A. I. E. E., 1923. 
© Cady, Proceedings of I. R. E., Vol. 10, No. 2, April, 1922. 
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X. MISCELLANEOUS APPLICATIONS OF THERMIONIC VacuuM TURES 


56. The Tube as a Voltmeter. The three-element tube may be 
used for the measurement of either d.c or a.c. voltages. In the case 
of d.c. voltages it is customary to apply the unknown voltage to the 
plate, counter-balancing this voltage with a known negative potential 
applied to the grid. Given the w of the tube, it is then possible to 
calculate with a fair degree of accuracy the plate potential. The 
usual procedure is to adjust the negative grid potential to such a 
point that the plate current just becomes zero. The tube when used 
in this manner becomes an electrostatic voltmeter, and it is evident 
that to give accurate readings the tube should have a well-defined 
cutoff (see Sec. 8, Fig. 10). 

In a somewhat similar fashion a.c. peak voltages may readily be 
compared with known d.c. voltages. A typical circuit is shown in 
Fig. 69. In operation a fixed plate voltage is applied to the voltmeter 


4 
= 
Fig. 69 Fig. 70 


tube and a steady negative d.c. voltage is applied to the grid which is 
just sufficient to reduce the plate current to zero. The a.c. voltage is 
then superimposed in the grid circuit with the result that current 
flows during the positive halves of the wave. If now the steady 
grid potential is made more negative until the plate current again 
just ceases to flow, it is apparent that this change in the steady poten- 
tial just equals the peak value of the a.c. voltage. 

For the measurement of very high voltages a special tube of the 
design shown in Fig. 70 will be found desirable, the grid being in the 
form of a screen which surrounds the filament. Such a tube may have 
a was high as 200. 

A circuit similar to Fig. 69 may be so employed that the a.c. voltage 
to be measured causes a change in the space current meter reading, 
the negative grid potential being preferably so set that the conditions 
discussed in Sec. 16 are satisfied. The tube, due to its curved char- 
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acteristic, acts as a detector and as pointed out in Sec. 37, the change 
in space current is approximately proportional to the square of the 
ac. input voltage. For accurate work the circuit requires calibra- 
tion but the calibration will in general remain good over long periods 
of time. This method is particularly useful for small voltages. 

57. Power-Limiting Devices. As pointed out in Sec. 4 the total 
emission from the filament at a given temperature is fairly sharply 
defined regardless of the plate voltage, so long as this exceeds the 
value required to give voltage saturation. The fact that the total 
emission is limited by the temperature may be used to control the 
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Fig, 71 


maximum current in a circuit. As an illustration, Fig. 71 shows its 
application to an alternating current circuit, the performance of which 
is illustrated in Fig. 72. The introduction of such a device into an 
a.c. circuit will, of course, result in the generation of harmonics and 
may therefore, be objectionable. 

There is almost no limit to the number of regulatory circuits which 
can be devised to employ the three-electrode tube. 
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58. Voltage and Current Regulation of Generators. The two-elec- 
trode tube with tungsten filament has been used to great advantage 
as a voltage regulator for a special airplane generator designed to de- 
liver both 28 volts and 300 volts. The circuit arrangement is illustrated 
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in Fig. 73 in which M represents the main field winding, and D the 
differential winding which opposes 17. The high voltage given by 
the generator when applied to the plate of the valve is sufficient to 
produce a condition of voltage saturation. As the speed of the 
generator increases, the current through the main field winding and 


Fig. 74 


the filament increases, thereby giving rise to greater emission from 
the filament and a larger current through the differential winding. 
It was found possible to so design the valve as to vield the very close 
regulation illustrated in Fig. 74." 

The three-electrode tube can also be used as a voltage regulator 
for a generator as shown in Fig. 75. It is apparent that an increase 
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Fig. 75 
in the voltage across the line tends to increase the current through 
the tube and resistance R. This in turn lowers the grid potential and 
tends to prevent an increase in current through the field winding. 
The circuit shown in Fig. 76 illustrates an arrangement for main- 
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taining a constant current from a generator. The operation of the 
device is apparent. ; 

Fig. 77 shows another arrangement for maintaining a constant 
generator voltage. In this circuit an increase in voltage tends to 


* Radio Telephony by Craft & Colpitts, Trans. A. I. E. E., Vol. 38, p. 330, 1919 
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make the grid less negative, thereby reducing the resistance shunted 
across the field winding. 

A somewhat similar arrangement can readily be applied to regulate 
the voltage delivered by a battery. Fig. 78 illustrates such a circuit. 
An increase in /, raises the grid potential, thereby increasing the 
current through the tube and the resistance r;. By a choice of regu- 
lating tube and resistances such that 
ritrdk, 


it may readily be shown that the voltage Ey remains constant. Since 
the regulation effected by this circuit is independent of frequency it 


i ? i 


may also be applied to a generator supply for elimination of commuta- 
tor noise as well as voltage fluctuations due to changes in speed. 

+9. The Ionisation Manometer. When gas is present in a three- 
electrode tube in quantities not. sufficient to seriously affect the 
activity of the filament, and the plate voltage exceeds a value suff- 
cient to produce ionization by collision, it has been found that the 
numwer of ions produced is proportional both to the pressure of the 
gas and to the electron current passing through the gas to the anode.® 
If now a small negative potential be applied to the grid, a certain 
fraction of the positive ions will be drawn to it and their number can 
be accurately measured by the current flowing in the grid circuit. 
The best arrangement is to apply the positive potential, not to the 
plate in the usual fashion, but to the grid, and apply the negative 
potential to the plate making it the collector of the positive ions. 
Dimensions of a satisfactory tube are given in Fig. 79. The values 
E,=110 volts and = —2 volts have been found to give very satis- 
factory results, the electron current being .02 ampere, and A’ being 
equal to 0.10 for nitrogen and having approximately this value for air. 
The gauge equation may be put in the form, 


I+ 


in which P is the pressure, AK a constant depending upon the design 
I g 


4, E. Buckley, Procd. Nat. Acad., Vol. 2, p. 683, 1916. 
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of the tube, 7+ the positive ion current, and 7— the electron current. 

As it is necessary to know the value of 7—, and since the emission 
from the filament is liable to vary somewhat with the kind of gas and 
its pressure, it will be found advantageous, if many readings are to be 
made, to place in the /— circuit, the coils of a relay which is adjusted 
to close at a definite value of J—, and which, when closed, cuts in a 
shunt around the filament which will reduce its heating current. 
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Automatic regulators of this type have been used with complete suc- 
cess. Experiment shows that the value of AK remains constant for 
pressures as high as 1.510°* mm. of Hg. and the lower limit is de- 
termined very largely by the sensitivity of the current reading in- 
struments. It follows that an ionization gauge can be calibrated by 
comparison with a McLeod gauge and, in use, extrapolated to low 


pressures.” 

60. Heterodyne Method of Generating Currents of Very Low Fre- 
quencies. By impressing upon the grid of a detector tube two fre- 
quencies which differ by a very small amount (e.g., 99 and 100 cycles), 


 Dushman, Phys. Rev., Oct., 1920, p. 854. 
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it is possible to obtain from the output of the detector the difference 
frequency of one cycle per second. This low frequency may be 
readily separated by means of a filter. It is apparent, however, that 
to maintain this difference frequency constant requires that the input 
frequencies be held within a very narrow range of variation. 

61. Thermionic Vaive as a High Tension Switch. Wf the plate 
circuit of a valve is inserted in a high tension circuit, the flow of 
current in the circuit may readily be stopped by cutting off the filament 
heating supply, thus making unnecessary the breaking of any con- 
tacts in the high tension circuit. In case the transmission of current 
in both directions is necessary, two valves may be used. 

62. Devices Employing Secondary Emission. As pointed out in 
Sec. 9, the grid current in a three-element tube shows a negative 
resistance characteristic for a certain range of voltage, and various 
uses of this fact have been pointed out.” 

63. Electron Tube Oscillograph. A special tvpe of thermionic tube 
designed for oscillographic uses is of great importance as a laboratory 
instrument. These tubes, using the hot filament as a source of 
electrons, have certain marked advantages over the Braun tube 
with its gaseous discharge.*! One of the very successful thermionic 
oscillographs has the following properties: anode potential 300-400 
volts, sharp focus of electron beam, sensitivity of 1 mm. per volt be- 
tween deflection plates and 1 mm. per ampere-turn when using mag- 
netic deflection. Photographic recording is possible with relatively 
short exposures by using suitable fluorescent material. 

* Dushman, Phys. Rev., Oct., 1920, p. 854. 

See footnote 21. 


51 See q. B. Johns m, J. of Opt. Soc, of A mer., Sept., 1922, or Bell Systen Technical 
Journal, Nov., 1922. 
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Some Contemporary Advances in Physics 
By K. K. DARROW 


Note: Dr. Darrow, the author of the following article, has made it a 
practice to prepare abstracts and reviews of such recent researches in 
physics as appear to him to be of special interest. The results of Dr. 
Darrow’s work have been available to the staffs of the Bell System labora 
tories for some time and having been very well regarded, it is thought that 
such a review, published from time to time in the TECHNICAL JOURNAL, 
might be welcomed by its readers. 

The review cannot, of course, cover all the published results of physical 
research. The author chooses those articles which appear significant to 
him or instructive to his readers, without attempting to pass judgment on 
the scientific importance of the different papers published. It is not in 
tended that the review shall always assume the same form; at one time 
it may cover many articles, at another be devoted to only a few, and it 
may occasionally treat of but a single piece of work.—Fdrttor. 


OME years ago C. T. R. Wilson of Cambridge University de- 

veloped a beautiful method for making the paths of moving 
charged atoms and electrons individually visible. The charged 
particle flies through a gas such as air, mixed with water-vapor; it 
ionizes many of the molecules near which it passes: the gas is sud- 
denly cooled by expansion and the water-vapor is precipitated upon 
the ionized molecules, forming a trail of droplets which visibly mark 
out the path of the ionizing electron or atom. Truly spectacular 
photographs of such trails, thick straight ones of fast-moving atoms 
and thin curly ones of electrons, are frequently published in. text- 
bocks and in popular articles. 

The method is now proving very powerful in the study of collisions 
and close encounters of electrons with atoms and of atoms with atoms. 
Rutherford having found by another method that the nuclei of atoms 
are occasionally broken up by unusually direct blows from  fast- 
moving helium nuclei (alpha-particles), the prospect) of actually 
photographing such an important event becomes alluring. How- 
ever, it is a very rare event; for W. D. Harkins and R. W. Ryan of 
the University of Chicago photographed eighty thousand alpha- 
particle trails in air, and only three of the particles struck molecules 
so squarely as to be deflected through more than a right angle; and 
of these only one showed indications of having broken the nucleus it 
struck. This particular collision is shown in Fig. 1 (two photo- 
graphs of the same encounter taken from different directions at the 
same moment). In addition to the tracks of the alpha-particle up 
to and away from the scene of the encounter, there are two more 
tracks diverging from it, which are probably the tracks of two frag- 
ments of the struck nucleus. Other interpretations, such as two 
distinct impacts very near together or a stray radioactive atom 
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happening to disintegrate just as the alpha-particle passed by, are 
admissible but highly improbable. Another such collision in argon 
is shown in Fig. 2; this too was the only encounter with four diverging 


Fig. 1 


tracks observed in many thousand photographs with the same gas.' 
A collision in air, in which the struck nucleus was not broken, but 
knocked to one side while the alpha-particle rebounded in the manner 
demanded by the principle of conservation of momentum, is shown 


Fig. 2 


in Fig. 3. These results show how small the atom-nuclei must be, 
compared to the extension of their electron-systems; for the 80,000 
alpha-particles observed in air had traversed the electron-systems of 
about ten billion molecules altogether. 

1 As Rutherford’s experiments indicate that argon atoms are especially stable 


against disintegration, this may be a case of two consecutive collisions with adjacent 
atoms. 
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Fig. 4 shows curlous collisions of alpha-partic¢ les passing throug! 


helium gas, photographed by ID. Bose and S. Ghosh of Caleutta. In 
each of the two left-hand trails the alpha-particle has apparently 


knocked the nucleus and the two electrons of the atom in three difter- 
ent directions.2. The alpha-particle of the right-hand trail (777) is a 
magnification of iia) seems to have produced quite an explosion; 
this may be the disruption of a nucleus belonging to a stray molecule 
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of nitrogen, but one would not expect the original particle to go on 
as if unaffected. 

2 In hydrogen they found no cases of two clectrons being driven off by the same 
impact. This agrees with Millikan’s conclusion that double ionization is much 
more frequent with helium atoms than with molecules of any other kind, if indeed, 
it is not a characteristic of helium alone. 
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Much work is now being devoted to the spectra of ionized atoms. 
One instance, that of tonized potassium, will suffice to illustrate 
the problem. The potassium atom differs from the argon atom in 
three respects; the weight of its nucleus is slightly different, which is 
probably inessential; the charge on its nucleus is 19 IS as great; and 
it has a nineteenth electron outside of the three closed electron-shells, 
comprising eighteen electrons, which by themselves constitute the 
whole clectron-system of the argon atom. When this outermost 
electron is removed, we have a system which probably differs from 
the argon atom in only one essential respect—that the central nucleus 
has a somewhat larger attractive power and hence the three electron- 
shells are somewhat more drawn inward. The spectra of ionized 
potassium and of argon should therefore be very nearly alike. This 
has been tested by Zeeman and Dik at Amsterdam; the result is very 
satisfactory, and the difference between the simple and clearly- 
arranged spectrum of potassium on the one hand, and the rich and 
intricate spectra of ionized potassium and argon on the other hand, 
is very striking. At Bonn, the spectrum of ionized rubidium is 
being compared with that of krypton for the same purpose. 

The most extensive results, however, have been obtained by Fowler 
with silicon. For some reason or other, silicon is a particularly easy 
element from which to obtain spectra not only of the neutral and the 
ionized atom, but also of the twice-ionized and thrice-ionized atom 
four distinct spectra, one from neutral silicon, the next from an atom 
resembling aluminium, the next from an atom resembling magnesium, 
and the last from an atom resembling sodium. These four spectra 
can be observed in the stars and in the laboratory, some of the im- 
portant lines from thrice ionized atoms having been photographed 
by Millikan in the extreme ultra-violet. In their general type, thev 
resemble the spectra of the neutral atoms corresponding in structure 
to the atoms which emit them. 

Data have also been made available for doubly-ionized magnesium 
(by Paschen) singly-ionized magnesium, and for neutral sodium—three 
atoms in which the nuclear charge is respectively I8e, 12e, and Ile, 
while in each of them the nucleus is surrounded by ten electrons and 
there is an eleventh one much further out. This eleventh electron 
being responsible for the spectrum and being relatively exempt from 
perturbations due to the other ten, the spectra of these three atoms are 
of the simplest and clearest type. The series-lines which in the 
spectrum of neutral sodium are in the inaccessible infra-red are 
moved up, in the spectrum of doubly-ionized aluminium, into the 
visible region. Further study of spectra related to each other in this 
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manner, and differing by virtue of slight intelligible differences in the 
atoms which emit them, may be expected to help greatly in making 
clear the major features of atomic structure. 

Two phenomena, first accurately examined by A. H. Compton, 
afford a striking illustration of the way in which classical electro- 
magnetic theory and quantum theory are alternately successful in 
explaining the qualities of radiation. On the one hand, Compton 
has been the first to apply accurate wave-length measurements to 
scattered X-rays, and finds that they are a mixture of two kinds of 
X-rays—one having exactly the same wave-length as the primary 
X-rays, the other a wave-length slightly greater and varving with the 
angle between the primary and the secondary rays. According to the 
classical theory, scattered X-rays are simply radiation sent out in 
all directions by electrons inside the atoms of the scattering sub- 
stances, vibrating under the influence of the primary N-ravs, and 
hence vibrating necessarily with the same frequency as the primary 
X-rays. This could account for one of the components of the seat- 
tered X-rays, but not the other. The other can be accounted for by 
assuming that the primary X-ray quanta of frequency # are perfectly 
elastic spheres which travel with the velocity of light, have mo- 
mentum jim c¢ and energy hn, and collide with the atoms just as one 
elastic sphere collides with another (that is, under conditions of 
conservation of translatory kinetic energy and of momentum); they 
depart from the collision with less energy and less momentum than 
they initially had, and consequently with a diminished frequency. 
But this does not explain the first-mentioned component, leaving the 
two theories balanced. On the other hand, in the Philosophical 
Magazine paper, Compton describes the total retlect.on of X-rays by 
glass, silver and lacquer—-a phenomenon of exactly the type which the 
classical theory explains far more easily and naturally than the 
quantum-theory. 


In glass and lacquer, the highest natural frequency of any of the 
electrons in any of the constituent atoms —to speak the language of 
the classical theory —is far below the frequency of available X-rays; 
we are, in optical terminology, on the high-frequency or anomalous- 
dispersion side of the highest-frequency absorption-band; the well- 
known dispersion formula reduces to a single term, 


p=1— Ne /2xmn? 


where N is the total number of electrons able to vibrate in unison 
with the X-rays, and uw is the index of refraction of the X-rays of 
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frequency n;e and m have their usual meanings. The index of re- 
fraction is less than unity, the X-rays travel faster in glass or in 
lacquer than in air or in vacuo, and are totally reflected from a glass 
surface if incident at a sufficiently small angle with the surface. The 
agreement between experiment and theory is, quantitatively as well 
as qualitatively, very good. It is equally good for silver, allowance 
being made for the fact that the frequency of the X-rays used lay 
between the two absorption-bands of silver. It seems conceivable 
that this might be refined into a method for determining the numbers 
of electrons in different orbits of the atom. 

The atoms of the inert or “rare” gases argon, krypton, and xenon 
are almost completely transparent to slow electrons—electrons moving 
with a speed of one or two equivalent volts. In more exact language, 
the radius of the effective cross-section of one of these atoms relatively 
to slow electrons is much smaller than its radius relatively to faster 
electrons or to other atoms. This almost incredible statement, having 
been tested by several different experimenters and by at least two 
entirely distinct methods, now appears to stand beyond doubt. This 
radius of the effective cross-section of the atom, relatively to an 
electron, is (by definition) the least distance at which the electron can 
pass by the centre of the atom without being intercepted or deflected ; 
the radius of the atom relatively to another of the same kind is, 
naturally, half the least distance at which the centres of the two 
atoms can pass each other without affecting one another's paths. 
The concept is not perfectly exact, depending as it does on what we 
choose to take as the least perceptible alteration of the path of a par- 
ticle; nevertheless, it is practicable and useful. Years ago the radius 
relative to other atoms was determined (from the viscosity of the 
gas). There is no binding reason why it should be identical with 
the radius relative to electrons, but the first measurements of this 
latter quantity on such gases as hydrogen, nitrogen, and helium 
vielded fairly good agreements between the two. Recent measure- 
ments on argon disclosed a surprising difference. 

The method consists essentially in measuring the fraction of a 
beam of electrons, projected against a layer of gas, which pass through 
the layer undeflected. (Another and entirely different method used 
by Townsend resulted in a valuable confirmation of the result.) If 
there are V atoms under unit area of the surface of the layer (looking 
through it in the direction from which the electrons come) and N is 
not so large that many of the atoms are partly shielded, in the per- 
spective, by others, the fraction of the electrons which go through 
undeviated is (L—Nar*); r being the radius just defined. The most 
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delicate arrangement is that of Ramsauer (Fig. 5); the electrons enter 
at B,, and are steered by a magnetic field along a semicircular path 
through the slits B,—By; electrons deviated even through a very 
slight angle go against the partitions and are not received by the 
electrometers connected at /y or Fy. Measurements with the two 
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electrometers, at two pressures of the gas, vield the data required. 
The values of 7° thus determined for argon, neon and helium are 
plotted against the speed of the electrons in Fig. 6. The ordinates 
of the short straight horizontal lines on the right represent the 
squares of the radii relatively to other atoms. 

The effect shows itself, however, very distinctly in a much simpler 
and more common device, a cylindrical three-element tube of audion 
type with the grid very much closer to the filament than is the plate: 
the plate is maintained at a potential a fraction of a volt higher than 
that of the grid. Figs. 7 and 8, from a recent article by Minkowski 
and Sponer, exhibit curves of plate-current versus grid-voltage in 
helium, which does not show the effect in question, and argon, which 
does In helium the current rises steadily as the increasing voltage 

3 The displacement of the curves by about —2 volts along the axis of voltages is 


probably due in part to drop of potential along the filament, in part to neglected 
contact-potential-differences. 
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gradually overcomes the space-charge repulsion, augmented in the 
gas by the reflection of electrons, for the reflected electrons stay 
longer in the space between filament and plate than they would if 
they went straight through. In argon the curve rises at first more 
swiftly, almost or quite as steeply as in vacuo, for the atoms are 
almost transparent to the electrons when they are slow; but as their 
speed is increased and the effective radius of the atom rises, the cur- 


rent sharply declines again. Further on, near IL volts, there is 
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another peak; near this voltage, the electrons which collide with 
atoms lose almost all their energy (threshold-speed for inelastic im- 
pact at 11.3 equivalent volts) at the first collision, and pass through 
the rest of the gas-filled region without obstacle. A second peak 
near 16 volts is ascribed to a second critical speed for inelastic impacts. 
Krypton and xenon give toothed curves of the same general type. 
Neon and mercury vapor, however, behave like helium, the curves 
rising steadily or at most showing slight kinks and inflections which 
may be indications of a slight effect of the same sort. 

The reason for this remarkable effect is still obscure. It may be 
possible to devise an atom-model adequate to explain it without 
forfeiting spherical symmetry, which it is desirable to retain if pos- 
sible, for among all atoms these of the heavy inert gases would be 
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expected to display the most complete symmetry and smoothness. 
F. Hund tried to devise an atom such that any one-volt electron pass- 
ing within a distance r of the centre would be deflected through 
exactly 360° before coming out; he attained a formal solution of the 
problem, but the model involved a continuous distribution of negative 
charge from the nucleus outward to the distance 7, which is quite 
incompatible with all our other knowledge of atomic structure. H. A. 
Wilson of Rice Institute tried out a well-known and popular model, 
consisting of a nucleus surrounded by a spherical surface of radius 7, 
over which negative charge equal in amount to the positive charge 
on the nucleus is uniformly spread. For very slow electrons, the 
average angle of deflection is 90°; it increases with speed, becoming 
180° at a certain. critical value vw at which every electron is turned 
back into the direction whence it came; beyond zv it decreases in- 
definitely with increasing speed. At v the oncoming electrons are 
more radically deflected by the atoms, so to speak, than at any greater 
or lesser speed; below % the variation of mean deflection with speed 
is in the proper sense to agree with experiment, but not by any means 
of a sufficiently great order-of-magnitude. The theory, however, 
seems to explain the mild variations encountered in such gases as 
hydrogen and nitrogen, and the explanation of the more striking 
ones may lie in the same direction.‘ 


Important contributions have lately been made to our knowledge 
of self-sustaining discharges, such as the glow and the arc, which 
maintain themselves as long as the proper voltage is applied at the 
electrodes, without requiring the assistance of a separate source of 
ions such as a hot filament or an outside ionizing agency such as X- 
rays. The field has perhaps been somewhat neglected, because it is 
easier to obtain simple clear results with electrons and ions admitted 
into a very rarefied gas after being generated elsewhere. In a self- 
sustaining discharge, there is usually a sudden steep potential-drop 
just in front of the anode, and another just in front of the cathode— 
the so-called anode-fall and cathode-fall; in the region between, the 
potential varies gradually. The anode always tends to become very 
hot, and Gunther-Schulze at Berlin has lately measured the rate at 
which heat is generated at the anode of a mercury arc; he finds that 
it agrees wonderfully well with the rate calculated from the assump- 
tion that practically the entire current is carried by negative ions 

‘Any competent theory must explain the results obtained by different methods, 
notably the fact that the value of y measured in an apparatus like Ramsauer's 
agrees with the value measured in an apparatus in which electrons deflected through 


considerable angle should yet reach the collector, and so be counted as though 
they had not been deflected at all. 
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(probably electrons) which dash against the anode with the entire 
kinetic energy acquired during unobstructed passage through the 
anode-fall.° 

The heat generated at the cathode must arise in the converse wav, 
from the kinetic energy of positive ions pulled violently against the 
cathode surface. K. T. Compton of Princeton, has made elaborate 
calculations for the arc in air with a carbon cathode and the are in 
hydrogen with a tungsten cathode, and comparing the results with the 
experimental evidence, concludes that a few per cent of the current 
at the cathode is carried by positive ions, the remainder by electrons 
moving away from the cathode. Compton then attacked the same 
problem in an entirely different manner; he assumed that the region 
near the cathode, in which the cathode-fall occurs, is a region in which 
positive ions are moving gradually towards the cathode, accelerated 
by the field, and retarded by their collisions with neutral molecules 
and by their mutual space-charge repulsion. The problem is form- 
ally similar to that of determining the current-voltage relation in a 
thermionic vacuum-tube, and the solution is a relation between 
cathode-fall, current, and width of the region in which the cathode- 
fall occurs. The first quantity is known; the third is assumed to be 
the mean distance which an electron travels from the cathode before 
striking a molecule; the second quantity, the current of positive ions 
into the cathode, comes out to be a few per cent of she observed 
total current. These two methods thus support one another in 
indicating that in the arc-discharge some 90-98°7 of the current 
near the cathode is carried by electrons, and the small remainder 
by positive ions. In the glow-discharge, according to experiments 
by Gunther-Schulze, the rate at which heat is generated at the cathode 
is 25% to 75°) of what it would be if all the current were carried 
by positive ions, falling against the cathode with the entire energy 
derived in passing through the cathode-fall. Expecting that a much 
larger fraction of the energy of the positive ions would be dissipated 
in collisions with neutral gas molecules, he concludes that the region 
of the cathode-fall must be a region in which the gas is abnormally 
rarefied because abnormally hot; the hotness in turn being due to the 
collisions between ions and molecules. 

In the central region of the arc, the potential-gradient is uniform 
and consequently the positive and negative charges per unit volume 

® It is obviously necessary to be very cautious in making deductions of this kind, 
for the entire energy 7V (7 representing the current and V the anode-fall or cathode 
fall, as the case may be) is dissipated as heat in the region of the anode-fall or cathode- 


fall; and if this region is very narrow it is hard to distinguish between heat gener 
ated within it and heat generated at the anode or cathode surface. 
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must exactly balance:one another. In this region Compton sug- 
gests that the gas is in the state of thermal ionization defined and 
described by Saha, in which at all times a certain constant percentage 
of the atoms, depending only on their ionizing-potential and on the 
temperature, is ionized. If the temperature of the central region of 
the carbon are is about 4000°, and the ionizing-potential of the gas 
about & volts, the proportion of ionized molecules will be about right. 

According to one of the newer and stranger developments of the 
quantum-theory, an atom possessing magnetic moment sub- 
merged in a magnetic field is not at liberty to orient itself in any 
direction whatever, not even momentarily; it may set itself only at 
certain specified inclinations, such that the cosine of the angle be- 
tween the direction of its magnetic axis and the direction of the field 
will have one of certain specified values. Imagine for example, an 
atom consisting of a single electron revolving in a one-quantum orbit 
(the smallest possible orbit) about a centre which itself is not magnetic; 
such a centre might be a simple nucleus, or a nucleus surrounded by 
a number of electrons moving in orbits so inclined to each other that 
their magnetic moments cancel one another out. The magnetic 
moment of such an atom is eh 4am (e the charge and m the mass of 
the electron); its magnetic axis is perpendicular to the plane of the 
orbit of the electron. According to the theory, the magnetic axis 
must point exactly with or exactly against the magnetic field; the 
cosine of the angle must be +1 or —1. This was verified last vear 
by Gerlach, who projected a ray of silver atoms (shooting off from a 
hot rapidly-evaporating silver filament through a small hole) across 
a magnetic field with an extremely steep field-gradient. The ray 
divided itself into two, one consisting of atoms with their north 
magnetic poles pointing directly up the field, the other of atoms 
turned through 180° relatively to the first set; there was quantitative 
agreement with the theory. If the outside electron moves in a two- 
quantum orbit, the magnetic moment of the atom is 2 eh 47m, and 
the cosine of the angle may take the values +1 and the values+}$; 
if in a #-quantum orbit, the moment is veh 4am and the permissible 
values for the cosine are +2 ,...... +n 

The theory also accounts for the normal Zeeman effect. It remains 
to be settled whether the magnetic moments of actual paramagnetic 
substances can be calculated from it. According to the accepted 


* The condition governing the angle ts, that the integrals of (a) the angular mo- 
mentum of the electron in its orbit, and (b) the projection of the angular momentum 
on the plane normal to the field, taken around a complete cycle of the orbital motion, 
must both separately be integer-multiples of the quantum-constant #. The latter 
integer-multiple cannot be zero, according to Gerlach's experiment and Sommerfeld's 
theory. 
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belief, the atoms of a paramagnetic substance all have 
stant magnetic moment, but are oriented in every possible direction 
so that the resultant magnetic moment of any piece of the substance 
is zero. Tf all the atoms could be made to point in the same direction 
by a powerful magnetic field, the total moment of the piece would 
be equal to the number of atoms in it multiplied by the moment 
of each atom, which could then be determined. No attainable mag- 
netic field is strong enough to do this; the persistent effort of the field 
to twist the atoms into parallelism is almost completely counter 
balanced by the thermal agitation. The total moment of the piece 
when all the atoms are parallel, and therefore the moment of each 
atom, have therefore to be calculated from the trend of the magnetiz.- 
tion-versus-field strength curve in its attainable portion. In miking 
this calculation it has heretofore been assumed that all orientations 
of the atoms are possible. Replacing this assumption by the con- 
trasting one explained in the foregoing, we find the method of caleu- 
lation altered;? the data heretofore assembled remain valid. but the 
values of magnetic moment computed from them are replaced by an 
entirely new set. 


The old set of values of magnetic moment, calculated for a number 
of solid and gaseous substances and of ionized liquids, by Weiss and 
others, were said to be integer multiples of a fundamental constant, 
the “Weiss magneton.” No one had succeeded in calculating the 
observed value of this constant from any atomic theory, and it is not 
compatible with the picture of the atom given above. The new set 
of values, according to Gerlach and to Pauli, who have worked over 
the published experimental material, is compatible with the atom- 
model. The values for solid platinum and palladium: for nickel in 
its high-temperature non-ferromagnetic “beta form: and for nitric 
oxide gas, agree with the simplest: model the electron in a one- 
quantum orbit revolving around a non-magnetic centre. The value 
for gaseous oxygen agrees with the model having an electron in a two- 
quantum orbit; gamma-iron with the three-quantum, JWon0 with 
the 4-quantum and WnO with the 5-quantum model. Various 
ions in solution from Cabrera’s data also give values in accordance 


~ 


with the theory. It is implied that these cover all the reliable ob- 


7 In the latter case it is assumed that the number of atoms oriented with their 
axes in one permissible direction ), stands to the number oriented in another pet 
missible direction D2 in a ratio given by exp (WRT) where T is the temper iture, 


k is Boltzmann's constant, and W is the work required to twist an atom from direc- 
tion D, to direction D2 against the magnetic field. In the tormer case all directions 
are regarded as permissible, and in the assumption just stated, “number of atoms 
oriented in direction D”’ is replaced by ‘density in solid 
direction PD,” a tundamental change 
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servations on paramagnetic substances, except for two ions which 
yield values not reducible to agreement with the new theory.’ The 
new method of calculating magnetic moments thus leads to values 
which confirm the contemporary atom-model. It would not be desir- 
able to dismiss the old method and the old theory too hastily, 
considering that they lead to values which are claimed to be integer 
multiples of an apparently fundamental constant; but this constant 
has proved so intractable to theory that it would be gratifying to be 
able to discard it. 

The arrangement of atoms in two samples of Heusler alloys was 
investigated with the X-ray method by J. F. T. Young at Toronto. 
These alloys are mixtures of the metals, copper, manganese, and 
aluminium in certain proportions; they are strongly ferromagnetic 
while the component metals are not ferromagnetic at all. Of the 
two samples, one had a much higher permeability than the other; 
the atoms of the former sample were arranged in a body-centered 
cubic lattice, with no trace of the characteristic lattices of the com- 
ponent metals. The atoms of the latter sample were arranged in a 
face-centred-cubic lattice. Thus these alloys furnish an additional 
instance of the frequent, though not by any means universal, correla- 
tion between body-centred-cubic lattice and strong ferromagnetism. 
L. W. McKeehan of the Western Electric used the same method to 
investigate palladium containing great quantities of occluded hydro- 
gen. The space-lattice of the hydrogen-free metal was distended by 
a certain fixed percentage by saturating it with hydrogen; and it 
appeared that when the palladium contained a lesser quantity of 
hydrogen than the maximum or saturation amount, some parts of it 
were quite saturated and others contained no hydrogen at all, instead 
of the whole lattice being equally enlarged; it is probable that the 
individual crystals of the metal are saturated one by one as the hydro- 
gen creeps in. 

§ The value for beta-iron as quoted by Gerlach does not agree with the theory. 
As for the values assigned by Weiss to the three ferromagnetic metals iron, nickel 
and cobalt, obtained from direct measurements of the saturation-intensity at the 
temperature of boiling hydrogen, the first two do not agree with the theory, the last 
agrees very well (assuming the electron to be in a one-quantum orbit). Of course, 
it is likely enough that the theory should not be applied to ferromagnetics. — It 
seems fitting to quote a remark of Andrade about theories of magnetism in general 
“. . . the substances selected for verification of theories are of a very limited 
class, called of normal behavior rather because they agree with the theories than 
because they represent a numerical majority.” 
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Transatlantic Radio Telephony’ 


By H. D. ARNOLD and LLOYD ESPENSCHIED 


Synopsis: The first transmission of the human voice across the Atlantic 
was accomplished by means of radio in 1915. Since that time substantial 
progress has been made in the art of radio telephony and in January ot 
this year another important step was taken in the accomplishment of trans- 
oceanic voice communication, At a prearranged time telephonic messages 
were received in London from New York clearly and with uniform intensity 
over a period of about two hours. 

These talking tests were part of a series of experiments on transatlantic 
telephony which are now under way, the results of which to date are re- 
ported in this paper. 

A new method of transmission, radiating only a single side-band, is being 
employed for the first time. As compared with the ordinary method of 
transmission, this system possesses the following important advantages: 

The effectiveness of transmission is greatly increased because all of the 
energy radiated is effective in conveying the message; whereas in the ordinary 
method, most of the energy is not thus effective. 

Phe stability of transmission is improved, 

The frequency band required for transmission is reduced, thus conserving 
wave length space in the ether and also simplifying the transmitting antenna 
problem. 

An important element of the high-power transmitter is the water-cooled 
tubes, by means of which the power of the transmitted currents is amplified 


to the order of 100 kilowatts or more. The direct-current power for these 
tubes is supplied from a 60-cycle, a-c. source through water-cooled rectifier 
tubes. 


A highly selective and stable type of receiving circuit is employed. 
Methods and apparatus have been developed for measuring the strength 
of the electromagnetic field which is delivered to the receiving point and 
for measuring the interference produced by static. 

The transmission tests so far have been conducte 1] on a wave length of 
5260 meters (57,000 evcles per second The results of the measurements 
during the first quarter of the year on the transmission from the United 
States to England show large diurnal variations in the strength of the 
received signal and in the radio noise strength, as is to be expected, and 
correspondingly large diurnal variations in the ratio of the signal to noise 
strength and in the resulting reception of spoken words. Also, the measure- 
ments, although as vet incomplete, show a large seasonal variation. 

The character of the diurnal and seasonal variations is clearly indicated 
in the figures. The curves present the most accurate and complete data ot 
this kind yet obtained. 


N January 15, of this vear, a group of about 60 people gathered 
in London at a prearranged time and listened to messages 
spoken by officials of the American Telephone and Telegraph Com- 
pany from their offices at 195 Broadway, New York City. The 
transmission was conducted through a period of about two hours, 
and during this time the words were received in London with as much 
clearness and uniformity as they would be received over an ordinary 
wire telephone circuit. During a part of the time a loud speaker 
iThis paper, with the exception of the Appendix, was presented at the Annuai 
Convention of the A. 1. E. E., Swampscott, Mass., June 26-2), 1923, and was printed 
in the Journal for August, 1923. 
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was used in connection with the receiving set, instead of head receivers. 
The reporters present easily made a transcription of all the remarks, 
both with head sets and with the loud speaker. 

These tests were made possible by cooperation between the engineers 
of the American Telephone and Telegraph Company and the Western 
Electric Company, and the engineers of the Radio Corporation of 
America and its associated companies. The sending apparatus was 
installed in the station of the Radio Corporation of America, at 
Rocky Point, L. 1., in order to make use of that company's very 
efficient) multiple-tuned antenna. The receiving apparatus was 
installed in the buildings of the Western Electric Company, Ltd., 
at New Southgate, England. 

This was not the first time speech had been transmitted from 
America to Europe. Transatlantic telephony was first accomplished 
in 1915, when the American Telephone and Telegraph Company 
transmitted from the Navy station at Arlington, Va., to the Eiffel 
Tower, Paris. In these earlier tests, however, speech was received 
in Paris only at occasional moments when transmission conditions 
were exceptionally favorable. The success of the present tests 
indicates the large amount of development which has been carried 
out since this first date. 

The recent talking tests were carried out as part of an investigation 
of transatlantic radio telephony. = This investigation is directed 
at determining (1) the effectiveness of new methods and apparatus 
which have been developed for telephonically modulating and trans- 
mitting the large amounts of power necessary for transoceanic opera- 
tion, (2) the efficacy of improved methods for the reception of this 
transmission and for so selecting it as to give an extremely sharp 
differentiation between the range of frequencies transmitted and all 
the frequencies outside of this range; and (3) determining the trans- 
mission characteristics for transatlantic distances and the variation 
of the characteristics with the time of day and the season of the vear, 
including the measurement of the amount of static interference. 

The tests are being continued, particularly as regards the study 
of transmission efficiency. 


SINGLE SIDE-BAND ELIMINATED CARRIER METHOD 
OF TRANSMISSION 
The method of transmission used in these experiments is what we 
know as the single side-band eliminated carrier method?. With this 


*For a more complete exposition of this method see U.S. patent No. 1449382 
issued to John R. Carson to whom belongs the credit for having first suggested it. 
Also see Carson patents Nos. 1,343,306 and 1,343,307, 
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method, the narrowest possible band of wave lengths in the ether is 
used, and all of the energy radiated has maximum effectiveness in 
transmitting the message. 

As had been pointed out in other papers’, when a carrier is modulated 
by telephone waves, the power given out is distributed over a fre- 
quency range, and may be conveniently considered in three parts: 
(1) energy at the carrier frequency itself, (2) energy distributed in a 
frequency band extending from the carrier upward, and having a 
width equal to the frequencies appearing in the telephone waves, 
and (3) energy in a band extending from the carrier downward, and 
having a similar width. The power at the carrier frequency itself 
makes up somewhat more than two-thirds of the total power, even 
when modulation is as complete as possible. Furthermore, this 
energy can, in itself, convey no message, as is self evident. In the 
present method, therefore, the carrier-frequency component is elim- 
inated, by methods explained in detail below with the result that a 
large saving in power is effected. Each of the remaining frequency 
ranges, generally known as the upper and the lower side-band_re- 
spectively, transmits power representing the complete message. It is 
therefore unnecessary to transmit both of these side-bands, so that 
in the present method one of them is eliminated. In this way the 
transmission of the message uses only half the frequency band re- 
quired in the usual method of operation. Similarly the frequency- 
band accepted by the receiving set is narrowed to conform to a single 
side-band as compared with the usual double side-band reception, 
and as a result the ratio of signal to interference is improved. Certain 
other advantages of this method will be brought out in the further 
discussion. 

While these advantages of the single side-band eliminated carrier 
method hold good for radio telephone transmission generally, they 
become of the utmost importance in transoceanic work, because of 
the necessity of conserving power in a system where the transmitting 
powers are large, and also because the very limited frequency range 
available for long distance transmission makes it imperative that 
each part of the range shall be utilized with the greatest of care. 
Before discussing the method further, the circuits and apparatus 
which are actually used in the tests will be described. 

“Carrier Current Telephony and Telegraphy’” by Colpitts and Blackwell. 
Journal A. I. E. E., April, 1921. 

“Application to Radio of Wire Transmission Engineering’ by Lloyd Espenschied. 
Proc. Inst. Radio Engrs., Oct. 1922. 


“Relations of Carrier and Side-bands in Radio Transmission” by R. V. L.’ Hartley. 
Proc. Inst. Radio Engrs., Feb. 1923. 
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THE TRANSMITTING SYSTEM 


The transmitting system is shown in simplified circuit form in 
Fig. 1. It is illustrated as grouped into three parts: The low-power 
modulating and amplifying stages, shown below in light lines: the 
high-power amplifiers, shown in heavy lines above and to the right: 
and the rectifier which supplies the power amplifier with high-tension 
direct current, shown in the upper left-hand portion of the 
diagram. 

Referring first to the low-power portion of the system, it will be 
seen that the voice currents (from either a telephone line or a local 
microphone) are fed into a balanced type of modulator circuit and 
are modulated with a carrier current of a frequency of about 33,000 
cycles. The operation of the balanced type of modulator in sup- 
pressing the unmodulated carrier component is explained in’ the 
Colpitts and Blackwell carrier current paper referred to above. The 
result of this modulating action is to produce in the output circuit of 
modulator No. 1, modulated current representing the two side-bands, 
for example, the upper one extending fron: 33,500 to 36,000! cycles 
and the lower one from 32,700 down to 30,000 cycles. These com- 
ponents are impressed upon a band filter circuit which selects the 
lower side-band to the exclusion of the upper one and of any remain- 
ing part of the carrier, with the result that only one side-band is 
impressed upon the input of the second modulator. This second 
modulator is provided with an oscillator which supplies a carrier 
current of 88500) cycles. The result of modulation between 
the single side-band and this carrier current is to produce a 
pair of side-bands which are widely separated in frequency, the upper 
one, representing the sum of the two frequencies, extending from 
118,500 to 121,200 cycles and the lower one, representing the difference 
between the two frequencies, extending from 58,500 down to 55,800 
evcles. In this second stage of modulation there is a relatively wide 
separation between the two-side bands which facilitates the selection 
at these higher frequencies of one side-band to the exclusion of the 
other. Another important advantage is that it allows a range of 
adjustment of the transmitted frequency without changing filters. 
This is accomplished by varying the frequency of the oscillator in 
the second step. In the present case, the frequency desired for trans- 
mission is that corresponding to the lower side-band of the second 
modulator. The lower side-band of from 58,500 to 55,800 is therefore 
selected by means of the filter indicated. This filter excludes not only 
the other side-band but also any small residual of 90,000-cycle un- 
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TRANSATLANTIC RADIO 
modulated carrier current which mav get through the second modu 
lator circuit if it is imperfectly balanced. 

Having prepared at low power the side-band currents of desired 
frequency it is necessary to amplify them to the required magnitude 
for application to the transmitting antenna. This implification is 
carried out in three stages. The first stage increases the power to 
about 750 watts, and is shown in Fig. | together with the modulating 
circuits. This amplifier employs in its last stage three glass vacuum 
tubes rated at 250 watts each and operating at 1500 volts 

The output of the 750 watt amplifier is applied to the input of 
the larger-power amplifving system beginning with the 15-kw 


fier of Fig. 1.) This consists of two water-cooled tubes in parallel, 
operating at approximately 10,000 volts. The output of this amplifier 
is applied by means of a transformer to the input of the 150-kw. 
amplifier which consists of two units of ten water-cooled tubes each, 
all operating in parallel at about 10,000 volts. 

The high-voltage, d-c. supply is furnished by a large vacuum tube 
rectifier unit rated at 200 kw. It employs water-cooled tubes similar 
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to those used in the power amplifiers except that they are of the 
two-electrode type. The rectifier operates from a 60-cycle, three- 
phase supply circuit and utilizes both halves of each wave. The 
two sets of rectified waves are combined by means of an inter-phase 
reactor which serves to smooth out the resultant current and by 
distributing the load between tubes of adjacent phases increases the 
effective load capacity of the rectifier. The ripple is further reduced 
by the filtering retardation coil and condensers shown. 


Reproductions of the apparatus comprising the transmitter system 
as described above are given in Figs. 2, 3, 4 and 5. 

Fig. 2 shows the apparatus comprising the low-power stage of the 
transmitting system. The right-hand rack contains the two weak- 
power modulating units and the two single-side-band selecting filters. 
The left-hand rack is the 750-watt amplifier unit. The three radiation- 
cooled tubes of 250-watt capacity each will be seen near the top. 
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Below are the smaller amplifying stages. The power supply board is 
shown in the center of the photograph. 

Fig. 3 is a side view of the 15-kw. amplitier unit. The face of the 
panel from which the control handles protrude is on the left. Mounted 
in the cage behind the front panel are two water-jackets for accom- 
modating the water-cooled tubes, also a coiled hose for increasing the 
electrical resistance of the water supply circuit: (the water-cooled 
anodes of the tubes being operated above ground potential). 

The final amplifier of 150-kw. capacity is shown in Fig. 4. It 
comprises two units each of 75 kw. Each unit contains 10 water 
cooled tubes which can be seen mounted in their water jackets. 
To the right of these units is located the 200-kw. rectifier unit shown 
in Fig. 5. The unit contains actually 12 tubes, there being two tubes 


for each of the six half waves. The pancake coils on the top of the 
rack are protecting choke coils to guard the transformer secondary 
winding against steep wave fronts in case of tube failure. 

From the above description it will be understood that the trans- 
mitting system is one in which the useful side-band is first developed 
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by modulation and filtration at low power and then its power is 
built up to a large value in a succession of powerful amplifiers. It 


Fig. 5 


will be appreciated, therefore, that the large-power amplifiers and in 
particular the water-cooled tubes which are their essential elements 
represent one of the major problems of the development. 


Hicu-Powrr Tunes 
The development of the high-power tubes is described quite fully 
in another paper*. The present discussion is, therefore, limited to a 
few of the outstanding features. 


4Bell System Technical Journal, July 1922 
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In the design of high-power tubes for use in this svstem the main 
problem is to insure the ready disposal of the large amounts of heat 
generated at the anodes. For the conditions of use in the present 
type of system where the tube is employed as an amplifier, the power 
which must be disposed of as heat at the anode is of the same order of 
magnitude as the power which the tube will deliver to the antenna. 
In the case of the present equipment, therefore, the tube must be so 
designed as to operate continuously with a heat dissipation at the 
anode of more than 10 kw. It is obviously difficult to secure so large 
a dissipation in a tube enclosed with glass walls, and a tube was 
therefore designed in which the anode forms a part of the wall of the 
containing vessel and the heat generated in it is removed by circu- 
lating water. The tube used is shown in Fig. 6. The lower cylindrical- 
portion is the anode which is drawn from a sheet of copper. The 


Fig. 6 


upper portion is of glass and serves both to support and insulate the 
grid and filament elements. 

The three principal difficulties met in the construction of these 
tubes are the making of a vacuum-tight seal between the copper and 
the glass, the provision of adequate means for conducting through the 
glassSwall the large currents necessary to heat the filament, and the 
obtaining of the necessary vacuum for high-power operation. 
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The first of these problems was solved by the development of a 
new metal to glass seal. In making this seal the glass and metal parts 
are brought into contact while hot, the temperature being high enough 
for the glass to wet the metal. The part of the metal in contact with 
the glass is made so thin that the stresses which are set up when the 
seal cools are not great enough to fracture the glass or to break it 
away from the metal at the surface of contact. Seals made in this 
way are sufficiently rugged to stand repeated heating and cooling 
from the temperature of liquid air to that of molten glass without 
deterioration. 

A seal employing the same principle but different in form is also 
used at the point where the leads carrying the filament current pass 
through the glass walls of the tube. The lead is made of copper 0.064 
in. in diameter and passes through the center of a copper disk, 0.010 
in. thick, the joint between the lead and the disk being made vacuum- 
tight by the use of a high melting solder. The disk is sealed to the end 
of a glass tube which is in turn sealed into the glass wall of the vacuum 
tube. 

In exhausting the tubes it has been found necessary to subject all 
the metal parts to a preliminary heat treatment in a vacuum furnace 
during which the great bulk of the occluded gasses is removed. By 
this method the time of exhaust can be considerably reduced but the 
vacuum conditions to be met are so stringent that the final processes 
of evacuation must be carefully controlled and often occupy as much 
as twelve hours. 

The tubes are operated at a plate voltage of 10,000 volts and are 
capable of delivering 10 kw. at this voltage in a suitable oscillatory 
circuit. For this performance an average electron current of 1.35 
amperes is required. The total electron current that the filament 
must be capable of supplying to insure steady operation is about 6 
amperes. 

When the tubes are used to amplify modulated currents with large 
peak values such as are characteristic of telephone signals it is essential 
that the maximum electron current through the tube shall be several 
times the normal operating current and therefore to insure the neces- 
sary high quality of transmission these tubes are operated for tele- 
phone purposes with an average output of about 5 kw. 


RECEIVING SYSTEM 


In the method of transmission ordinarily employed in radio telephony 
by which the carrier and both side-bands are sent out from the trans- 
mitting station and received at the distant end, detection is readily 
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accomplished merely by permitting all of these components to pass 
through the detector tube. The detecting action whereby the voice- 
frequency currents are derived, is accomplished by a remodulation 
of the carrier with each side-band. 

With the present eliminated carrier method of transmission. the 
side-band is unaccompanied by any carrier with which to remodulate 
in the receiving detector. It is necessary, therefore, to supply the 


SCHEMATIC OF SINGLE SIDE BAND RECEIVER 


Lad LF 
34,500 ~ 
Fig. 7 


detector with current of the carrier frequency obtained from a local 
source. Thus, in the present experiments, if a current of the original 
carrier frequency, 55,500 cycles, is supplied to the detector it will 
remodulate or “beat” with the received side-band of, say 55,800 to 
58,500 evcles and a difference-frequency band of 300 to 3000 cycles, 
1.e., the voice frequency band will result. 

The arrangement actually used, however, is not quite so simple as 
this. It is shown schematically in Fig. 7. Reception is carried out 
in two steps, the received side-band being stepped down to a lower 
frequency before it is detected. The stepping down action is accom- 
plished by combining in the first detector the incoming band of 55,800 
to 58,500 cycles with a locally generated current of about 90,000 
cycles. In the output circuit of the detector the difference-frequency 
band of 34,200 to 31,500 cveles is selected by a band filter and passed 
through amplifiers and thence to the second detector. This detector 
is supplied with a carrier of 34,500 cycles which, upon “beating” 
with the selected band, gives in the output of the detector the original 
voice-frequency band. 

The object of thus stepping down the received frequency is to secure 
the combination of a high degree of selectivity with flexibility in 
tuning. The high selectivity is obtained by the use of a band filter. 
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ft is further improved by applying the filter after the frequency is 
stepped down rather than before. To illustrate this improvement 
assume that there is present an interfering signal at 60,000 cycles, 1,500 
eycles off from the edge of the received telephone band. This is a 
frequency difference of about 2'> per cent; but after each of these 
frequencies is subtracted from 90,000 cycles, the difference of 1500 
cycles becomes almost 5 per cent. This enables the filter to effect a 
sharper discrimination against the interfering signal. Furthermore, 
the filter is not required to be of variable frequency as would be the 


Fig. 8 


case were it employed directly at the received frequency since by 
adjusting the frequency of the beating down oscillator the filter is in 
effect readily applied anywhere in a wide range of received frequencies. 
The receiving method, therefore, enables the filter circuit, and indeed 
also the intermediate frequency amplifiers, to be designed for maximum 
ethiciency at fixed frequency values without sacrificing the frequency 
flexibility of the receiving set. 

A photograph of the receiving set used in the transatlantic measure- 
ments is reproduced in Fig. 8 The signals are received on a square 
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loop six feet on a side and wound with 46 turns of stranded wire. The 
first box contains the beating oscillator and high-frequency detector, 
the second box of the filter and amplifying apparatus for the inter- 
mediate frequency and the third box the final detector and amplifier. 
The shielded box at the left of the picture, which is connected to the 
loop by means of leads in the copper tube, is the apparatus for intro- 
ducing the comparison signal of known strength into the loop for 
measuring purposes. This receiving and measuring set is described 
more in detail in a paper by Bown, Englund, and Friis in the ‘Pro- 
ceedings of the Institute of Radio Engineers for April, 1923." 

Although it was this very selective and reliable method of inter- 
mediate-frequency reception which was used in London, it is quite 
possible to receive the single-side-band transmission by means of a 
regular heterodyne receiving set. Even a self-regenerative set will 
suffice under some conditions. It is necessary, however, to adjust 
the frequency of the oscillator very carefully to that of the trans- 
mitting carrier frequency, otherwise serious distortion of the received 
speech will result. Also it is, of course, necessary that the tuning 
be not too sharp if ordinary tuned circuits and not filter circuits are 
employed. One might expect that some difficulty would be experi- 
enced in maintaining the frequency at the receiving end in sufficiently 
close agreement with the sending frequency. In the tests no par- 
ticular difficulty was experienced, the oscillators at the two ends 
being so stable that only an occasional slight readjustment of the 
receiving oscillator was required. With the development of more 
stable oscillators, doubtless, the frequency with which readjustments 
are required, will be further reduced. If serious distortion of the 
received speech is to be avoided the two frequencies must be within 
about 50 cycles, an accuracy of 0.1 per cent at 50,000 cycles. 


TRANSMISSION ADVANTAGES OF THE SYSTEM 


Since the present experiment represents the first use of the single- 
side-band eliminated carrier type of system some further discussion 
of the characteristics and advantages of the system is appropriate. 

The importance of the system in conserving frequency range will 
be appreciated when it is realized that the total frequency range 
available for transatlantic telephony is distinctly limited. Just 
what the most suitable range is has not been accurately determined 
but it seems limited to below 60,000 cycles (5000 meters) because of 
the large attenuation suffered during the daylight hours by frequencies 
higher than this. On the lower end of the frequency scale, trans- 
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atlantic telegraphy at present pretty well preempts frequencies below 
30,000 cycles (10,000 meters). Therefore, for the present at least 
transatlantic telephony is limited to a range of some 30,000 cycles. 
Now transmission of speech requires as a minimum for good quality 
a single-side-band 3000 cycles wide. Allowing for variations and 
clearances between channels it is doubtful if the channels could be 
made to average closer than one every 4000 cycles for single-side- 
band transmission and one every 7000 cycles for the ordinary double- 
side-band transmission. This means that even were the whole range 
from 30,000 to 60,000 cycles devoted to telephony to the exclusion of 
telegraphy, only about four channels could be obtained by the older 
methods and some seven by the present one. 

It is a rather interesting commentary to note that a somewhat 
similar situation as to limitation in frequency range exists in the 
case of carrier-current transmission over wires. The transmission 
efficiency falls off with increase in frequency and limits the range 
of frequencies which can be economically used, in much the same 
way as it is limited in long distance radio transmission. It is because 
of this limitation in the case of wires and the value which attaches 
to conserving the frequency range consumed per message that single- 
side-band transmission was first developed for wire carrier current 
systems. Its development in wire transmission has been of con- 
siderable aid in adapting the method to the present purpose of trans- 
atlantic operation. 

The second of the outstanding characteristics of the present system 
resides in the large power economy which it permits. Transatlantic 
telephony requires hundreds of kilowatts of high-frequency power. 
Since it is difficult and expensive to produce this power it is important 
that every effort be made to increase its efficiency or effectiveness in 
transmitting the voice. To illustrate how the present system effects 
economies in power, consider the case of a carrier wave completely 
modulated by a single frequency tone. In such a completely modu- 
lated wave, only 1/3 of the total power contains the message, the 
remaining 2.3 conveying only the carrier frequency which can as 
well be supplied from an oscillator of small power at the receiving 
station. It is obvious, therefore, that by eliminating the carrier 
only 1/3 as much power need be used as would be required were all 
the elements of the completely modulated wave transmitted. To 
realize the maximum advantage of this mode of operation, the system 
eliminates the carrier at low power and, thereby, the high-power 
apparatus is devoted exclusively to the amplification of the essential 
part of the signal. 
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If, after having suppressed the carrier, both side-bands were trans- 
mitted, their reception would require perfect synchronism between 
the carrier resupplied at the receiving end and that eliminated at the 
sending end, a condition which is practically impossible to meet 
without transmitting some form of synchronizing channel, which is, 
indeed, much the same as transmitting the carrier itself. If the 
receiving Carrier is not synchronized, the two side-bands will interfere 
with each other upon being detected. By eliminating one side-band, 
this interference is prevented and reception may be carried on, using 
a locally supplied frequency which is only approximately equal to 
that of the suppressed carrier. The two may differ by as much as 
50 cycles before the quality of the received speech is greatly impaired. 
The importance to the carrier suppression method of eliminating 
one side-band will, therefore, be appreciated. The present system 
eliminates one side-band while still in the low-power stage. While 
it would be possible to do this selecting after they have both been 
raised to the full transmitting power, this would require the use of a 
filter of high-power carrying capacity, which would make the filter 
very costly and also render the system inflexible to change of wave 
length. The present system overcomes both of these difficulties by 
filtering our one side-band at low-power levels and by the use of the 
double modulation method. 

Another very important reason for the transmission of a frequency 
band as narrow as is possible lies in the difficulty of constructing an 
antenna to transmit more or less uniformly at these long waves a 
band of frequencies which is an appreciable fraction of the main 
carrier frequencies. For example, in the ordinary method of trans- 
mission an antenna which was intended to transmit a 30,000-cycle 
carrier and its two speech side-bands would need to be designed to 
transmit all the frequencies from 27,000 cvcles to 33,000 eveles, a band 
which is equal to 20 per cent of the carrier frequency. This band is 
considerably wider than that given by the resonance curve of a highly 
efficient long wave antenna. To accommodate both side-bands would 
require flattening out the resonance curve either by damping, which 
means sacrifice in power efficiency, or by special design of the antenna, 
possibly throwing it into a series of interacting networks and causing 
it to become a rather elaborate wave filter. The importance, from 
the antenna standpoint, of narrowing the frequency band required to 
be transmitted is, therefore, evident. 

It is extremely important that the received signal be affected as 
little as possible by changes in the transmission efficiency of the 
medium. The voice frequency currents produced at the receiving 
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end, after detection, are proportional to the product of the carrier 
wave and the side-band. If the carrier as well as the side-band is trans- 
mitted through the medium, then a given variation in the transmission 
efficiency of the medium will affect both components and will change 
the received speech in proportion to the square of the variation, as 
compared to the first power if only the side-band is transmitted and 
the carrier is supplied locally. Thus it will be seen that the omission 
of the carrier from the sending end and the resupplying of it from 
the constant source at the receiving end gives greater stability of 
transmission. 


Without discussing the system in further detail the advantages of 
it may be summarized as follows: 


1. It conserves the frequency (wave length) band required for radio 
telephony, which is particularly important at long wave lengths. 

2. It conserves power, in that all of the power transmitted is useful 
signal-producing power. This is particularly important also in 
long distance transmission which requires the use of large powers. 

3. The fact that only a single-band of frequencies is transmitted 
simplifies the antenna problem at long wave lengths, where the 
resonance band becomes too narrow to transmit both side-bands. 

4. As compared with a system which eliminates the carrier but 
transmits both side-bands the simple side-band system has the 
important advantage of not requiring an extreme accuracy of 
frequency in the carrier which is resupplied at the receiver. Were 
both side-bands transmitted very perfect synchronism would be 
required for good quality. 

5. It improves the transmission stability of the radio circuit since 
variations in the ether attenuation affect only one (the side-band) 
of the two components effective in carrying out the detecting 
action in the receiver. 

6. The receiving part of the overall system has two advantages: 

a. It need accept only half of the frequency band which would be 
required in double side-band transmission, thereby accepting 
only half of the “‘static’’ interfering energy. 


b. By stepping down the frequency of the received currents and 
filtering and amplifying at the low-frequency stage a very sharp 
cutoff is obtained for frequencies outside of the desired band and 
a very stable and easily maintained amplifying system is obtained. 
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STUDY OF TRANSATLANTIC TRANSMISSION 


We come now to a consideration of the second major part of the 
investigation, namely, that having to do with the transmission of 
the waves across the Atlantic. It will be evident, from what has been 
said earlier, that the transmission question is essentially one of how 
best to deliver, through the variable conditions of the ether to the 
receiving station, speech-carrying waves sufficiently free from inter- 
ference to be readily interpretable in the receiving telephone. The 
transmission efficiency of the medium varies with time of day and 
year, and is different for different wave lengths. The interference 
conditions are also influenced by these same factors. 

Now we can study this transmission medium in much the same way 
we would a physical telephone circuit, by putting into it, at the 
sending end, electromagnetic waves of a known amount of power 
and measuring the power delivered at the receiving end. The inter- 
ference at the receiving station likewise may be measured and the 
ratio of the strength of the signal waves to the interfering waves may 
be taken as a measure of freedom from interference; this in turn 
being directly related to the readiness with which the messages are 
understood. Accordingly, there has been included as an integral part 
of the investigation of transatlantic radio telephony, the development 
of suitable methods and apparatus for measuring the strength of the 
signal waves and of the interfering waves, as they arrive at the receiv- 
ing station. The apparatus’ emploved in measuring the field strength 
of the received signals has been outlined above under Receiving 
System and need not be gone into further. However, a word of 
explanation about the method which is employed in making the 
measurement may be helpful. It will be recalled that the specially 
designed receiving set is provided with a local source of high fre- 
quency from which can be originated signals of predet -rmined strenzth. 
A measurement of the field strength of a signal received from the 
distant transmitter is made by listening first to the distant signal and 
then to the locally produced signal, shifting back and forth between 
these signals and adjusting the strength of the local signal until the 
two are substantially of the same strength. Then, knowing the 
power delivered by the local source, the power received from the 
distant station is likewise known. The relation between the power 
in the input of the radio receiving circuit to the field strength required 
to deliver that power is known through the geometry of the receiving 


5It is described in detail in the paper entitled, ‘‘Radio Transmission Measurements” 
by Bown, Englund, and Friis, Proc. Institute of Radio Engrs., April, 1923. 
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antenna (in this case a loop) and, therefore, the measured power of 
the signal can be translated directly into the field strength of the 
received waves. 

The measurement tone signal is transmitted from the Rocky Point 
sending station by substituting for the microphone telephone trans- 
mitter a source of weak alternating current of about 1/100 watt at 
a frequency of approximately 1500 cycles. This tone modulates the 
radio telephone transmitter in the same way that voice currents 
would and is radiated from the antenna as a single-frequency wave 
of 5260 meters (57,000 cycles per second). It, therefore, constitutes 
a means of sending out a single-frequency continuous wave for 
measurement purposes. At the receiving end this continuous wave 
is demodulated to the same tone frequency which it originally had. 

For measuring the strength of the received noise, 1.e., the radio 
frequency currents arising from static or otherestation interference, 
the method is quite similar. In this case, however, the noise received 
is so different from that which can be set up artificially in any simple 
manner that no attempt is made to compare it directly with a local 
noise standard. Instead the volume of the interfering noise is expressed 
in terms of its effect in interfering with the audibility of a local tone 
signal by measuring the local signal which can just be definitely 
discerned through it. This is a threshold type of measurement 
which is necessarily difficult to carry out with accuracy. In order to 
increase the sharpness of definition of the local signal and to make 
it correspond more closely to speech reception the signal tone is 
subjected to a continuous frequency fluctuation. The comparison 
signal has therefore a warbling tone which occupies a frequency band 
not unlike that of the voice. This method of measuring the inter- 
ference is discussed in more detail also in the measurement paper 
referred to above. 

Procedure in Making Transmission Measurements. The three 
quantities which are included in the transmission measurements, 
namely, the signal strength, the noise strength, and the percentage 
of words received correctly, are observed one after another in what 
might termed a unit test period. Although the duration of this test 
period and the order of making the measurements has been changed 
somewhat during the course of the experiments, the following pro- 
gram is representative of the conditions under which the data pre- 
sented below were taken. 

A 25-minute test period divided as follows: 

5 minutes of tone telegraph identification signals (for receiving 
adjustment purposes). 
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10 minutes of disconnected spoken words. 

10 minutes of a succession of five-second tone dashes separated by 
five-second intervals, (for measurement of the received field strength, 
the intervals between the dashes being used for throwing on the local 
receiving source and adjusting its strength to equal that of the receive 
signals by alternately listening to one and then the other 
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Immediately following this test period the London observers 
measured the noise level. 

This unit test period was repeated every hour over a period which 
varied from several hours to as long as two days’ duration. Most of 
the test periods ran for about 28 hours, starting about eleven o'clock 
Sunday morning and continuing until about three o'clock Monday 
morning, London time. During this time the telegraph load through 
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the Rocky Point station of the Radio Corporation was sufficiently 
light to enable one of the two antennas to be devoted to these experi- 
ments. The measurements were started January 1, 1923 and are 
still in progress. 

At the present time (April) the results for the first three months 
of the tests are available. These results are not yet sufficiently 
complete nor do they cover a sufficient number of variables in terms 
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of time, wave length, etc., to enable any very definite conclusions to 
be drawn from them. They do illustrate, however, the usefulness of 
the methods emploved, and even in their incomplete state show some 
factors of considerable interest. 

The results of the measurements of received signal, strength and 
received noise are given in Figs. 9 and 10. The data have been divided 
and plotted in these two sets of curves because the transmission con- 
ditions across the North Atlantic appeared to suffer a rather rapid 
change about February 23rd. Fig. 9 therefore covers the winter 
period from January 1 (when the test started) to February 23; and 
Fig. 10 covers the next period from February 25 to April 9. 
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The curves are plotted between time of day as abscissas and field 
strength in microvolts per meter as ordinates. The time during which 
darkness prevailed at Rocky Point and at London is indicated by the 
block-fills on the time scales. The overlap of these block-fills indicates 
the time during which darkness extended over the entire transatlantic 
path. For Fig. 9 the darkness-belt is as of February 1 and for Fig. 10 
as of March 21. The curves show the mean of the results and also 
the boundaries of the maximum and minimum values observed. 

Received Signal Strength. The outstanding factors to be noted 
concerning the signal strength curves are: 

1. The diurnal variations are plainly in evidence. During the first 
test period covered by Fig. 9, for example, the field strength varied 
in the ratio of the order of 15 to 1 between day and night conditions, 
running about LOO microvolts per meter during the night and averag- 
ing about 6 microvolts per meter during the day. The diurnal varia- 
tion is also to be seen in Fig. 10 although the variations between night 
and day transmission are less marked. 

The measured daylight values lend support to the Austin-Cohen 
absorption coetticient. The average of the observed daylight value 
for the period of these tests is between 7 and 8 microvolts per meter, 
while the calculated value is 9.5. Concerning the high field strengths 
obtaining at night, it should be noted that the maximum observed 
value of 237 microvolts per meter does not exceed the value of some 
340 microvolts which it is estimated should obtain at London were 
no absorption present in the intervening medium, 7.e., were the waves 
attenuated in accordance with the simple inverse-with-distance law. 
While no definite conclusions can vet be drawn from these results as 
to the cause of the diurnal variations, this indication that the upper 
limit of the variation is the no-absorption condition suggests that 
the diurnal fluctuations are controlled by the absorption conditions 
of the medium rather than by reflection or refraction effects. 

2. An indication of the seasonal variation which apparently occurs 
in developing from winter to early spring is found in a comparison of 
the signal strength curves of Figs. 9 and 10. On the whole the signal 
strength received in the second test period is considerably less than 
that received for the first period. This drop in the average of the 24 
hours is caused by a large decrease in the night-time transmission 
efficiency. The daylight transmission does not change much, but 
what little change there is lies in the direction of an increase as the 
season advances. 

3. A decrease in the transmission efficiency is observed between 
the time of sundown in London and sundown in New York, that is, 
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during the period when the sunset condition intervenes in the trans- 
mission path. This dip is particularly noticeable in the signal strength 
curve of Fig. 10. It is not noticeable in Fig. 9, except for the fact that 
the rise in signal strength corresponding to night conditions in London 
is delayed until the major part of the transmission path is in darkness. 

Strength of Received Noise. The variation in the strength of received 
noise is shown by the noise curves of Figs. 9 and 10. 

1. The diurnal variation of that portion of the noise which is due 
to atmospheric or “‘static’’ disturbances is somewhat obscured by 
the presence of artificial noise, 7.e., noise caused by interference from 
other stations. The rise in the noise curve at 12 noon is known to 
be due to artificial interference. In general, however, the large noise 
values shown to prevail throughout the night in London between 
about 6 p. m. and 4 a. m. are known to be due to atmospherics. This 
diurnal variation shows up quite prominently in both figures. 

The maximum noise is reached at 2 a.m. London time. Up to this 
time the night belt extends over London and a sector of the earth 
considerably to the east and including Europe, Africa and Asia. The 
noise begins to drop off shortly thereafter and reaches its minimum 
at sunrise in London. This could be accounted for on the assumption 
that the major source of the noise lies considerably to the east of 
London and that transmission of the stray electric waves to London 
is gradually diminished in efficiency as daylight overtakes the path 
of transmission. 

2. The seasonal variation, as shown by a comparison of the noise 
curve of Fig. 9 with that of Fig. 10, is not so great as is the case with 
the transmission efficiency of the signal. However, the noise level is 
noticeably higher during the second period of the tests, as shown 
by the average curve of Fig. 10, particularly during the night when the 
maximum noise obtains. 

This indicates that the noise is largely of continental origin lying 
to the east or south east of London which is in agreement with rough 
observations made by means of a loop and suggests that the employ- 
ment of directional antennas would be of considerable advantage. It 
is expected to include such antennas in the further measurement work. 

In connection with these noise curves it should be noted that what 
they represent is in reality the strength of a local warbling tone-signal, 
expressed in terms of equivalent field strength in microvolts, which 
which is just definitely audible through the noise. The actual value 
of the noise currents, were they measured by an integrating device such 
as a thermocouple, for example, would be a number of times larger 
than indicated. 
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Ratio of Signal to Noise Strength: Words Received. The noise curve 
of Fig. 9 and that of Fig. 10 can, therefore, be read as ‘The strength 
of the signal tone which can just be heard through the noise.’ It can, 
therefore, be directly compared with the signal curve itself and the 
difference between the two curves is a measure of the level of the actual 
signal strength above that which would just permit of the signals being 
heard. Actually, the difference between the two curves, as shown in 
the figures, is proportional to the ratio of the signal to the noise 
strength, because the curves are plotted to a logarithmic scale. 

This signal to noise ratio is plotted in Fig. 11 for the test period 
which corresponds to Fig. ®, and Fig. 12 for the test period which 
corresponds to Fig. 10. These ratio curves are derived by going back 
to the original data and taking the ratio for cach unit measurement 
period and spotting it upon the chart as shown by the black points. 
An average is taken of the points for each hour of the 24-hour period 
as shown by the circle points. The dash line curves of Figs. 11 and 12, 
therefore, trace the average diurnal variation of signal to noise ratio. 

These curves show: 

1. That the signal to noise ratio reaches its minimum during the 
time when the sunset period intervenes between London and New 
York. 

2. During the night in London the ratio increases more or less con- 
tinuously and reaches a maximum around the time of sunrise in 
London. 

3. During the course of the daylight period in London the ratio 
starts out high and drops rather rapidly during the forenoon and 
assumes a more or less constant intermediate value during the after- 
noon until sundown. It is during this afternoon period in London 
that the business hours of the day in London and New York coincide, 
so that this is the most important period from a telephone com- 
munication standpoint. 

The drop in the very low ratios obtaining in London in the early 
evening is due to the fact that an increase in noise occurring at this 
time is accompanied by a decrease in transmission efficiency from 
America. This may readily be seen by referring to Fig. 10. The 
noise increases as the night belt, proceeding westward, envelops Eng- 
land and improves the transmission of atmospherics, which arise 
possibly in continental Europe, Asia and Africa. As the shadow wall, 
proceeding westward, intervenes between England and America, the 
transmission efficiency of the desired signals from America drops and 
it is not until the night belt extends as far west as America that the 
transmission efficiency improves sufficiently to overcome the dis- 
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advantage in London of the large noise values which night there had 
brought on. Conversely, the high signal to noise ratio, obtaining at 
about sunrise in London, appears to be due to the fact that as the 
termination of the night belt, moving westward, intervenes between 
England and the source of atmospherics to the east, the noise level 
drops rapidly and has reached low values by the time sunrise arrives 
in London. At this time, however, darkness still extends to the west 
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and the transmission efficiency from America is at its maximum. It 
is, therefore, due to this interplay between these two factors, signal 
strength and noise strength, controlled very largely by the transition 
periods between day and night, that the signal to static ratio varies 
diurnally in the manner pictured in Figs. 11 and 12. 

Concerning seasonal variation, shown by a comparison of Figs. 
11 and 12, the following can be said: The dimunition in signal-to- 
noise ratio in the second test period as compared with the first is 
caused by the fact that the signal strength has decreased and at the 
same time the noise has somewhat increased. There is just one other 
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point that concerns the dip in the ratio occurring at night in London 
between 12 midnight and 3.a.m. This dip is due to an increase in the 


noise which occurs around 2a. m. (A further reduction during this 
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time, and one which extends the time of minimum ratio from sundown 
on through the night until 2 a. m. is shown by the April measurements 
which time has not permitted including in the curves). 

’ During each test period lists of disconnected words were spoken 
over the systems. 
indicating the talking efficiency of the circuit, note was made of the 
percentage of the words which were correctly received. 

The curves of Figs. 13 and 14 show the manner in which the per- 
centage of the words which were correctly received varies through 
the 24 hours. 
rectly received during one unit test period. 
the interference was noted to be caused by radio telegraph stations, 
and the data in which the interference is of this character, in so far as 


As an approximate and easily applied method of 
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identified, are indicated by the triangular dots. It will be seen that 


most of the poor receptions were due to this cause. Especially is 
this true of tests at 12 noon at which time severe interference from 


sources local in London was experienced. The circle points are the 
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average of results for each hour's tests. The dash line curve is a 
smoothing out curve of these points. 

It is interesting to note that these curves of actual word count 
conform very well in general shape with those of Figs. Il and 12 
which also really measure receptiveness although in a less direct 
manner. Reception is best during the late night and early morning, 
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drops off during the day, reaching a minimum during the evening. 
Furthermore, the night reception is shown to be considerably better 
for the January-February period than for the February-March period. 
The curve of Fig. 14 corresponds quite closely with that of Fig. 12. 
The curve of Fig. 13 does not show as much of a peak as does that of 
Fig. 11 which is, of course, due to the fact that above a certain ratio 
the percentage of words understood is high and cannot rise above 100 
per cent. 


CONCLUSION 


As has been indicated this is a report of work which is still in progress. 
To date: 

A new type of radio telephone system affording important ad- 
vantages for transatlantic telephony has been developed and put 
into successful experimental operation across the Atlantic. 

Sustained one-way telephonic transmission has been obtained across 
the Atlantic for the first time by means of this system. 
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The advantages of this svstem which had been anticipated, par- 
ticularly, in respect to economies of power and wave lengths, have 
been realized. Furthermore, it has been demonstrated that the 
high-power water-cooled vacuum tubes which have seen their first 
prolonged operation in this installation are admirably adapted for 
use in high-power radio installations and particularly for use as high 
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low Bercentage is due to unnaturei causes 
power amplifiers, in the type of system we have described. Also, the 
method of reception has proved itself to be eminently satisfactory for 
use with the single side-band type of transmission and to possess 
important advantages for radio telephony in respect to selectivity and 
amplification. 

Methods have been developed for measuring the strength of the 
received signals and the strength of the received interfering noise and 
these methods have been successfully applied in the initiation of a 
study of the variations to which transatlantic transmission is subject. 

The results of the transmission measurements show that, at 5000 
meters, the diurnal variations are large, as was to be expected, and 
give evidences of a large seasonal variation which was, indeed, also to be 
expected. The results indicate that it will probably be desirable to 
use a wave length longer than 5000 meters. The measurements are 
now being made to include the longer wave lengths. 


APPENDIX AbbED SEPTEMBER 23, 1923 
The results of the transmission measurements from January through 
August are now available and are summarized in the curves following: 


gat 

Sigh 

3 

| 

: 


144 BELL SYSTEM TECHNICAL JOURNAL 


5100 
z 
PM AM. 
GMTI2M2 4 6 8 10 12 2 4 6 8 10 12M GMTI2M2 4 6 8 10 2 2 4 6 8 10 12M 
JANUARY MAY 
000 1000 


500 


i RATIO SIGNAL/ NOISE ,, 
w 5 
wo 
= 
| 
| 
= 
> 
< 
RATIO SIGNAL/NOISE 
a o 
wo 


FEBRUARY 


1000. 1000 
500 500 
WwW WwW 

z 

z =z 50 

z 

2 9 

a 

fe} 10 
< 

PM 
GMT2M2 4 6 8 10 12 2 4 6 8 10 [2M GMT12M 2 

000 

500 

> 
i100 
4 a 

< 50 50 
35 

3 

a 

10 10 

< 

5 @ 
GM7.i2M 2 4 GMTi2M2 4 6 8 
EST.7 EST7 


ANICUST 
TRANSATLANTIC RADIO TRANSMISSION MEASUREMENTS 

Monthly Averages of Diurnal Variations in Signal to Noise Ratio for 1923. Trans- 

mission from Rocky Point to London on 57,000 Cycles (5,260 Meters). Measurements 

on Loop Reception. Curves Corrected to 300 Amperes Antenna Current 


~ 
raters) 1000, 
500 $00 
SS SSS: 
tiga 
: 
Fark 
; 
: 
$ 
Cio. M24 6 8 0 2 2 4 6 8 10 12M 
JUNE 
=== 
2 
= 
ANT 
2 2 4 6 8 BM 
pe 
© 2 4 6 8 10 12M 


Physical Measurements of Audition and Their 
Bearing on the Theory of Hearing * 
By HARVEY FLETCHER 


Synopsis: The author states his purpose to be the presentation of cer- 
tain facts of audition which have been determined recently with consider- 
able accuracy and the discussion of the theory which best explains these 
facts. 

Making use of data of Knudsen’s as well as his own measurements of the 
auditory sensation area, the author estimates that the normal ear can 
perceive approximately 300,000 different pure tones. This is taking ac- 
count of all possible variations in both pitch and intensity. Knudsen's 
data show that for considerable ranges the minimum perceptible difference 
in intensity bears a constant ratio to the intensity and the minimum per- 
ceptible difference in frequency bears a constant ratio to Mp frequency. 
These relations have been termed by psychologists ‘‘The Law of Weber 
and Fechner.” 

A loudness scale is proposed such that the difference in loudness between 
two tones is equal to ten times the common logarithm of their intensity 
ratio. A pitch scale is proposed such that the difference in pitch is equal 
to one hundred times the logarithm to the base two of the frequency ratio. 
A method for measuring the loudness of complex sounds is mentioned but 
is to be discussed in a later paper. A method is proposed for expressing 
quantitatively different degrees of deafness. 

Reference is made to data obtained by the author on the masking of one 
pure tone by another. The minimum audible intensity of a pure tone 


depends upon the presence of another tone of different frequency. A low 
pitched note will, in general, exert a surprisingly large masking effect 
upon notes of higher frequency. The masking of a low note by a higher 


is not nearly as pronounced. From his observations, the author draws 
certain interesting conclusions. For example, given a complex tone con- 
sisting of three frequencies 400, 300 and 200 cycles with relative loudness 
values of 50, 10 and 10, respectively, the ear would hear only the 400 cycle 
tone and the 200 cycle tone. If the sound is now increased 30 loudness 
units, without distortion, the 400 cycle tone and the 300 cycle tone only, 
will be heard. 

Binaural masking in which each ear receives one of the two sounds is 
considered and the conclusion reached that the masking effect noted 
results from conduction of the masking tone through the bones of the 
head to the ear receiving the masked tone. 

It is stated on the basis of data obtained by Wegel and Lane that the 
oscillatory system of the ear, comprised by the membranes and little 
bones of the middle and inner ears, does not obey Hooke’s Law regarding 
the proportionality of stress and strain. Consequently, the ear, when 
stimulated by a pure tone, introduces harmonics and the workers cited 
have obse rved harmonics as high as the 4th order. The non-linear trans- 
mission characteristic of the vibratory system of the ear is held to account 
for the greater masking of a high frequency by a lower. 

A theory of hearing is advanced which pictures the basilar membrane 
as being caused to vibrate by incident sound waves. In the case of a pure 
tone, the membrane is supposed not to vibrate uniformly throughout 
its length but the region of maximum amplitude determines the pitch of 
the tone as interpreted by the ear and the maximum amplitude deter- 
mines the intensity.—Fdzttor. 


HE question of how we hear has been a subject for discussion 
by scientists and philosophers for a long time. Practically every 


year during the past fifty years articles have appeared discussing the 


* Presented at the meeting of the Section of Physics and Chemistry of The Franklin 


Institute held Thursday, March 29, 1923, and published in the Journal of the Franklin 


Institute for September, 1923. 
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pros and cons of various theories of hearing. These discussions have 
been participated in by men from the various branches of science and 
particularly by the psychologists, physiologists, otologists, and 
physicists. During the past two or three years this discussion has 
been particularly acute. It is not uncommon to pick up an article and 
read in the beginning or concluding paragraphs statements such as 
the Helmholtz theory of audition seems to have sunk beyond recov- 
ery, * © ¢ and at the same time an article written probably a month 
later will have the conclusion that the Helmholtz theory of audition 
is definitely established beyond all controversy.?”” 

There is apparently a great deal of misunderstanding between 
various writers because of different points of view due to different 
training. To the physicist it seems that most of the discussions show 
a profound ignorance of the dynamics of the transmission of sound 
by the mechanism of the ear. Those discussions by the physicists 
are frequently open to criticism by the otologist and psychologist, due 
to his lack of knowledge of the structure of the ear or the mental 
reaction involved in the process of interpretation. I think it is 
fortunate that some of these scientists from the different branches 
are now cooperating in their research work as is evinced by the ap- 
pearance of several joint papers. (Papers by Dean and Bunch, 
Minton and Wilson, Wegel and Fowler, Kranz and Pohlman, and 
others.) 


It is not my purpose to discuss the merits of the various theories of 
hearing, but I desire to present some of the facts of audition which 
have been recently determined with considerable accuracy, and then 
discuss the theory of hearing which best explains these facts. 

Hearing is one of the five senses. It is that sense that makes us 
aware of the presence of physical disturbances called sound waves. 
For my purpose, sounds may be classified into two groups, namely, 
pure tones and complex sounds. A pure tone is specified psycho- 
logically by two properties, namely, the pitch and the loudness. 
These sensory properties are directly related to the physical properties, 
frequency and intensity of vibration. Mixtures of pure tones of 
different loudness, but of the same pitch, fall under the first class, 
since such mixtures give rise to a pure tone. The complex sounds 
are varying mixtures of pure tones. It will be noticed that phase has 
not been taken into account. Except when using the two ears for 
locating the direction of sources of sound, phase differences are not 
ordinarily appreciated by the ear.* 


t These numbers refer to the bibliography at the end of the paper. 
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These tones are usually transmitted by means of air waves through 
the outer ear canal to the drum of the ear. From here the vibrations 
are transmitted by means of the bones in the middle ear to the 
mechanism of the inner ear. 


Those facts of audition which are familiar to almost everybody 
are as follows: 

1. Pure tones are sensed by the ear and differentiated by means of 
the properties pitch and loudness. 


2. When two notes, separated by a musical interval, are sounded 
together, they are sensed as two separate notes. They would never 
be taken for a tone having the intermediate pitch. In this respect, 
hearing is radically different from seeing. When a red and a green 
light are mixed together, the impression received by the eye is that 
of yellow, an intermediate color between the two. 

3. There is a definite limiting difference in pitch that can just be 
sensed 

4. There is a definite limiting difference in intensity that can just 
be sensed.!°"4 

5. There is a minimum intensity of sound below which there is no 
sensation,'**! 

6. There is an upper limit on the pitch scale above which no audi- 
tory sensation is produced.*"" 

7. There is a lower limit on the pitch scale below which there is no 
auditory sensation produced.*”! 

8. The ear perceives tones separated by an octave as being very 
similar sensations. 


Another quality of audition which is not so commonly known was 
pointed out by A. M. Mayer.”? He stated that high tones can be com- 
pletely masked by louder lower tones while intense higher tones can- 
not obliterate lower ones though the latter are very weak. Experi- 
ments to be described later in the paper show that this statement 
must be modified somewhat. Very intense low ones will produce a 
masking effect upon still lower tones, although the masking effect is 
very much more pronounced in the opposite case. Many of the op- 
ponents of the Helmholtz resonant theory of hearing claim that this 
fact is fatal to such a theory.” 

* This statement may require modification when more experimental data are 
available. As shown later in the paper the middle ear has a non-linear response 


Consequently it would be expected that phase differences, especially between tones 
which are harmonic, would produce spacial differences in nerve stimulation. 
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LIMIts OF THE FIELD OF AUDITION 


The new tools which have made possible more accurate measure- 
ments in audition are the vacuum tube, the thermal receiver and the 
condenser transmitter. When connected in a proper arrangement 
of circuits, the vacuum tube is capable of generating an oscillating 
electrical current of any desired frequency. This electrical vibration 
is translated into a sound vibration by means of the telephone receiver. 
Between the receiver and the oscillator, a wire network called an 
attenuator ** is interposed which makes it possible to regulate the 
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volume of sound. The theory *** of the thermal receiver has been 
worked out so that it is possible to calculate its acoustic output from 
the electrical energy it is absorbing. In this way, it is possible to 
calculate the pressure variation produced in the outer ear canal 
when a tone is being perceived. A detailed description of the ap- 
paratus and method used in such measurements was given in a paper 
presented before the National Academy of Science, November 14, 
1921. Such a combination of apparatus which has been calibrated 
is called an audiometer and is suitable for measuring abnormal as 
well as normal hearing. A receiver more rugged than the thermal 
may be substituted when its efficiency compared to the thermal 
receiver is known for all frequencies. By using such an audiometer 
the average absolute sensitivity for approximately 100 ears which 
were considered to be normal was determined. The lower curve in 
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Fig. 1, labelled the threshold of audibility, shows the results of such 
measurements. The ordinates give the amplitude of the pressure 
variation in dynes per square centimeter that is just sufficient to 
cause an auditory sensation and the abscissw give the frequency of 
vibration of the tone being perceived. Both are plotted on a loga- 
rithmic scale. The experimental difficulties made it impossible to 
make a very accurate determination for those parts of the curve 
shown by dotted lines. More work needs to be done on these por- 
tions of the curve. In the important speech range, namely, from 
500 to 5,000 cycles, it requires approximately .0OL of a dyne pressure 
variation in the air to cause an auditory sensation. This corre- 
sponds to a fractional change of about one-billionth in the atmospheric 
pressure, which shows the extreme sensitiveness of the hearing mechan- 
ism. 

In order to obtain an idea of the intensity range used in hearing, 
an attempt was also made to obtain an upper limit for audible in- 
tensities. When the intensity of a tone is continually increased, a 
value is reached where the ear experiences a tickling sensation. Ex- 
periments show that the intensity for this sensation is approximately 
the same for various individuals and the results can be duplicated 
as accurately as those for the minumum intensity value. It was 
found that if this same intensity of sound is impressed against the 
finger, it excites the tactile nerves, In other words, the sensation of 
feeling for the ear is practically the same as for other parts of the 
body. When the intensity goes slightly above this feeling point, 
pain is experienced. Consequently, this intensity for the threshold 
of feeling was considered to be the maximum intensity that could be 
used in any practical way for hearing. The two points where these 
two curves intersect have interesting interpretations. At these two 
points, the ear both hears and feels the tone. At frequencies above 
the upper intersecting point, the ear feels the sound before hearing 
it, and in general would experience pain before exciting the sensation 
of hearing. Consequently, the intersection point may be considered 
as the upper limit in pitch which can be sensed. In a similar way, 
the lower intersection point represents the lowest pitch than can be 
sensed. 

There has been considerable work **! in the past to determine 
the upper frequency and lower frequency limits of audibility, but 
it would appear that without the criterion just mentioned, such 
limiting points apply only to the particular intensity used in the 
determination. Not enough attention has been paid to the intensity 
of the tones for such determinations. It is quite evident from this 
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figure that both the upper and lower limits of audibility which are 
found in any particular experimental investigation will very largely 
depend upon the intensity of the tones sounded. For example, 
if the intensity were along the .OL dyne line, the limits would be 
200 and 12,600 cycles. 

The area enclosed between the maximum and minimum audibility 
curves has been called the auditory-sensation area and each point 
in it represents a pure tone. The question then arises: How many 
such pure tones can be sensed by the normal ear? 

The answer to this question has been made possible by the recent 
work of Mr. V. O. Knudsen." In this work Knudsen made determi- 
nations of the sensibility of the ear for small differences in pitch and 
intensity. In Fig. 2, the average results of his measurements for 
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changes in intensity are shown. Each ordinate gives the fractional 
change in the sound energy which is just perceptible, this fractional 
change being called the Fechner ratio. The abscissee are equal to 


ten times the logarithm 


f the ratio of intensities, the zero corre- 
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sponding to the intensity at the threshold of audibility. For in- 
tensities greater than 10# times the threshold of audibility, the Fechner 
ratio has the constant value of approximately one-tenth. It was 
found that this ratio is approximately the same for all frequencies 
In Fig. 3 is shown the results taken from Knudsen’s article on the 
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pitch sensibility. The ordinates give the fractional change in the 
frequency which is just perceptible and the abscisse give the fre- 
The meaning of the pitch scale at 
For frequencies 
This 


It 


quency on a logarithmic scale. 
the bottom of this figure will be discussed later. 
above 400 this fractional change is a constant equal to .0O3. 
ratio probably becomes larger again for the very high frequencies. 
was found that it varied with intensity in approximately the same 
yay as that given for the energy ratio. 
Using these values in connection with the auditory-sensation area, 


it is possible to calculate the number of pure tones which the ear 
can perceive as being different. For example, if, starting at the 
minimum audibility curve, ordinate increments are laid off along a 
constant pitch line, that are successively equal to the value of AE 
at the intensity position above the threshold, then the number of 
such increments between the upper and lower curves in Fig. 1 is 
equal to the number of pure tones of constant pitch that can be per- 
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ceived as being different in volume. If the minimum and maximum 
audibility curves were plotted on an energy scale, the increment 
length AF near the maximum audibility curve would be a million 
million times longer than its length in the minimum audibility curve, 
whereas when they are plotted on a logarithmic scale, this increment 
length remains approximately constant, changing by less than a factor 
2 for 90 per cent. of the distance across the auditory-sensation area. 
The calculation shows (see Appendix A) that the number of such 
increments on the 100-cycle frequency line is 270, that is, 270 tones 
having a frequency of vibration of 1,000 cycles can be perceived as 
being different in loudness. 

What has been said of the intensity scale applies equally well to 
the frequency scale. The calculation (see Appendix A) indicates 
that the number of tones that are perceivable as being different in 
pitch along the 10-dyne pressure line is approximately 1,300. 

If an ordinate increment corresponding to AF and an abscissa 
increment corresponding to A.V be drawn, a small rectangle will be 
formed which may be considered as forming the boundary lines for 
a single pure tone. All tones which lie in this area sound alike to the 
ear. The number of such small rectangles in the auditory-sensation 
area corresponds to the number of pure tones which can be perceived 
as being different. The calculation (see Appendix A) of this number 
indicates that there are approximately 300,000 such tones. 

One might well ask the question: How many complex sounds which 
are different can be sensed by the ear? At first thought, one might 
say that this number is represented by all the possible combinations 
of pure tones. Of course, such a number would be entirely too large, 
for some of these would sound alike to the ear, since the louder tones 
would necessarily mask the feebler ones. It is evident, however, 
that the number of such complex sounds will be very much larger 
than the number of pure tones. 


SCALES OF LOUDNESS AND PITCH 


It is seen that the use of the logarithmic scale in Fig. 1 is much 
more convenient not only on account of the large range of values 
necessary to represent the auditory-sensation area, but also because 
of its scientific basis. Psychologists have recognized this since Weber 
and Fechner formulated the relation between the sensation and the 
stimulus. Although logarithmic units have been used by various 
authors in measuring the amount of sensation, the numerical values 
have been quite different. It seems inevitable that there will be a 


4 
| 
{ 


PHYSICAL MEASUREMENTS OF AUDITION 15 


greater cooperation in the future between men in the various branches 
of science working on this subject, so, in order to avoid misunder- 
standing, it would be very advantageous for all to use, as far as pos- 
sible, the same units. With this in mind, | am taking the liberty 
of suggesting for discussion units for both loudness and pitch. 

In the telephone business, the commodity being delivered to the 
customers is reproduced speech. One of the most important qualities 
of this speech is its loudness, so it is very reasonable to use a sensa- 
tion scale to defin , the volume of the speech delivered. At the present 
time, an endeavor is being made to obtain an agreement of all the 
telephone companies, both in the United States and abroad, to adopt 
a standard logarithmic unit for defining the efficiency of telephone 
circuits and the electrical speech levels at various points along the 
transmission lines. The chief interest in changes in efficiency of trans- 
mission apparatus is their effects upon the loudness of the speech 
delivered by the receiver at the end of the telephone circuit. So it 
would be very advantageous to use this same logarithmic seale for 
measuring differences in loudness. 

This scale is chosen so that the loudness difference is ten times 
the common logarithm of the intensity ratio. This means that if the 
intensity is multiplied by a factor 10, the loudness is increased by 
ten; if the intensity is multiplied by 100, the loudness is increased by 
20; if the intensity is multiplied by 1,000, the loudness is increased 
by 30, ete. It was seen above that under the most favorable cir- 
cumstances a change in loudness equal to 1 2 on this scale could 
just be detected. © Knudsen’s data indicate, however, that when a 
silent interval of only two seconds intervenes between the two tones 
being compared, a loudness change greater than unity on this scale 
is required before it is noticeable. So the smallest loudness change 
that is ordinarily appreciated is equivalent to one unit on this scale. 
It is also convenient because of the decimal relation between loudness 
change and intensity ratio. This relation is expressed by the formula: 
10 


where L; and Ly, are the two loudness values corresponding to the 


AL=L,—L2=10 logio or 


intensities 7; and /2. Since intensities of sound are proportional to 
the square of pressure amplitudes this may also be written: 


The most convenient choice of the intensity or pressure used as a 
standard for comparison depends upon the problem under consider- 
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ation. In the sensation area chart of Fig. 1, the intensity line cor- 
responding to one dyne was used as the zero level, that is, p2 was 
chosen equal to I so that 


AL=20 log p 


The choice of the base of logarithms for the pitch scale is dictated 
by the fact mentioned before, that the ear perceives octaves as being 
very similar sensations. Consequently the base 2 is the most logical 
choice for expressing pitch changes. If the logarithm of the frequency 
to the base 2 were used, perceptible changes in pitch would correspond 


to inconveniently small values of the logarithm. It is better to use 
100 


the logarithm to the base V2 which is 100 times as large. On 
this scale the smallest perceptible difference in pitch is approxi- 
mately unity—-somewhat more for frequencies greater than 100 cycles 
or somewhat less for lower frequencies, according to Knudsen’s data. 
The scale on the charts is chosen so that the change in pitch is given by 


AP =100 log, N 


where NV is the frequency of vibration. 

It is now evident why such pitch and loudness scales were used 
in Fig. 1. With these scales, the number of units in any area gives 
approximately the number of tones that can be ordinarily appreciated 
in that area. For example, there are approximately 2,000 distin- 
guishable tones in each square, there being more near the centre and 
fewer near the boundary lines than this number. 

Experiments have shown that pure tones of different frequencies 
which are an equal number of units above the threshold value sound 
equally loud. This statement may require modification when very 
loud tones are compared, but the data indicated that throughout the 
most practical range this was true. Consequently, the absolute 
loudness of any tone can be taken as the number of units above the 
threshold value. 


LOUDNESS OF COMPLEX SOUNDS 


In the measurement of the loudness of complex tones, the situation 
is not so simple. It has been found that if two complex tones are 
judged equally loud at one intensity level and then each is magnified 
equal amounts in intensity, they then may or may not sound equally 
loud. The curves shown in Figs. 4, 5 and 6 will illustrate this. The 
first (Fig. 4) shows the comparisons at different intensity levels of 
two sounds whose pressure spectra are shown in the two figures at 
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the top. The x-axis gives units above threshold for sound 1 and the 
y-axis gives the units above threshold of the sound B when the two 
sound equally loud. In this case, the spectra are somewhat similar 
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and we have a straight line of slope 45° passing nearly through the 
origin. The two sounds are thus of practically equal loudness when 
they are the same number of units above threshold. In Fig. 5 we 
have similar data for two sounds which have quite different spectra 
as is indicated by the two charts at the top. The curve for C means 
that it was a practically continuous spectrum. It was produced 
by a device for making the “swishing” type of noises which are usually 
so prominent in office rooms. The curve representing the relation 
is not straight, since for values of intensity near the threshold, the 
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loudness increases faster for the C sound for increments in the in- 
tensity than for the A sound. For example, it is seen that when 
the sound C is 30 units above the threshold, the sound A is 45 units 
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above the threshold when the two sound equally loud. In Fig. 6 
a comparison is given between the loudness of a pure tone of 700 
cycles and a complex sound designated by A in the last figure. In 
this case again the relation is expressed by a curve. The technique 
of making such loudness measurements is rather difficult and requires 
a large number of observations before the values are reliable. A paper 
on this subject which will soon be published will give a detailed account 
of this work on loudness. 

Enough data have been given to show that in order to give loudness 
a definite meaning for complex sounds, a more precise definition is 
necessary. It has been found convenient to define the loudness — of 
any complex or pure tone in terms of the loudness of a sound standard. 
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This standard is a pure tone having a vibration frequency of 700 
cycles per second. Its absolute loudness is defined as the change in 
loudness measured on the scale defined above, from the loudness 
value corresponding to the threshold pressure for normal ears which tor 
700 cycles is exactly 0.001 dyne. This frequency was arbitrarily 
chosen as a standard for measuring loudness because of this particular 
value of its threshold pressure, and because it is close to_the frequency 
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at which the loudest tones used in conversational speech occur. 
By this definition, the loudness of a tone of frequency 700, for which 
p is the pressure variation, expressed as a root mean square value, 


L=60+20 log p 


and the loudness of any other sound, pure or complex, is defined as 
being equal to that of a tone of frequency 700, seeming equally loud. 
Such a definition implies that experimental measurements can be 
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made to determine when any complex sound is equally loud to a 
700-cycle tone. Such measurements can be made although the ob- 
servational error is rather large and the judgment of various indi- 
viduals is sometimes quite different, which means only that loudness 
as measured by various individuals is different. For use in engineering 
work, however, the average of a large number of individuals can be 
taken and this loudness will have a definite determinable value. For 
example in Fig. 6, the loudness of the A sound when it is 60 units 
above the threshold is 72, since it sounds as loud as a 700-cycle tone 
which is 72 units above its threshold. The loudness of complex 
sounds usually increases faster with increases in intensity than that 
of pure tones. This would be expected since the threshold is de- 
termined principally by the loudest frequency in the complex sound 
and as the intensity is increased the other frequencies begin to add 
to the total loudness. 

Since pure tones of different pitches which are the same number 
of units above the threshold sound equally loud their loudness L 
can be represented by the formula 


L=1o+20 log p 


where p is the root mean square value of the pressure amplitude 
produced in the ear by the tone and Ly is the number of units from 
the l-dyne line to the minimum audibility curve. The values of Lo 
can be read directly from the chart in Fig. 1. 


MEASUREMENT OF DEGREE OF DEAFNESS 

The choice of the loudness and pitch units used above leads to a 
rational definition of the degree of deafness. 

The number of possible pure tones that can be sensed by a deaf 
person is considerably smaller than that mentioned above obtained 
from the normal auditory-sensation area. A logical way of defining 
the amount of hearing is: To give the per cent. of the total number of 
distinguishable pure tones audible to a person with normal hearing, 
that can be sensed by the deaf person. 

Some definition of this sort will be very helpful in clearing up 
the confusion that now exists in court cases involving the degree of 
deafness. It is well known that there are a number of laws which 
prevent people who have more than a defined amount of deafness 
from doing certain classes of work. For example, one cannot oper- 
ate an automobile if he has a certain per cent. of deafness. At the 
present time, there is a large variation between the standards set up 
by the various doctors in different parts of the country. 


| 
f INST 
ook 
| 
| 


PHYSICAL MEASUREMENTS OF AUDITION 159 


From the discussion above it was seen that the number of tones 
corresponding to any region was approximately proportional to the 
area of that region when the logarithmic units were used. Conse- 
quently the per cent.* of hearing can be taken as the fractional part 
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Audiograms for Typical Cases of Deafness 


of the normal auditory-sensation area in which tones can be properly 
sensed. The per cent. of deafness is, of course, 100 minus the per 
cent. of hearing. 

To emphasize the meaning of this definition, some audiograms, 
that is minimum audible intensity curves, for some typical cases of 
deafness will be given. These are shown in Fig. 7. The first chart 


* This assumes that the Fechner ratio for pitch and loudness is approximately the 
same for one having abnormal as for one having normal hearing. 
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shows a common type of deafness in which the sensitivity to the high 
frequencies suddenly decreases, as is indicated by the rise in the 
minimum audible intensity curve when the frequency exceeds 3,000 
cycles per second. The sensation area for this person is 94 per cent. 
of that for the average. Consequently, his per cent. of hearing is 
4 per cent. It is also convenient to speak of the per cent. of hearing 
for each pitch. It is evident that the logical definition for this is the 
ratio of the widths of the sensation area for the person tested and 
normal person, measured along the ordinate drawn at the frequency 
For example, in this audiogram the perscn had more 
than 100 per cent. hearing for mest of the pitch range. At 4,000 
cycles, however, the per cent. hearing was only 60 per cent. This 


56 


in question, 


means that for this pitch, the person when compared with one having 
normal hearing could sense only 60 per cent. as many gradations in 
tonal volume before reaching the threshold of feeling. 

The second chart corresponds to a type of deafness that is not so 
common. It shows relatively large losses at the lower frequencies. 
The per cent. hearing in this case is seen to be 64 per cent. 

The third type is very common and corresponds to a general lowering 
of the frequencies throughout the entire pitch range. In these first 
three cases, the deaf persons could carry on a conversation without 
any difficulty whatever. In the last two of these, difficulty was 
experienced in understanding a speaker at any considerable distance. 
In the first case, the person could not hear the steam issuing from a 
jet or any other high hissing sound. However, he could hear and 
understand speech practically as well as anyone with normal hearing. 

The fourth case shows a falling off at the high frequencies, but 
this loss in hearing proceeds gradually as the pitch increases rather 
than abruptly as in the first case. As indicated in the figure the per 
cent. of hearing is 58 per cent. 

The fifth case is one of extreme deafness and is typical of such 
cases. The per cent. of hearing is only 12 per cent. The last case 
shows not only the minimum audibility curve, but the quality of the 
sensation perceived. As indicated on the chart, in certain regions 
noises are heard when the stimulus is a pure tone. When computing 
the per cent. of hearing in such cases, it seems reasonable to take 
only the area where sensation of good quality is perceived. In some 
cases, this poor quality extends through practically the whole area 
and although the person hears sounds, he is unable to properly in- 
terpret them. Consequently, from a practical point of view, his per 
cent. of hearing is very low. For such cases, deaf sets or other aids to 
the hearing do not give any satisfactory help. 
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MASKING OF ONE PURE TONE BY ANOTHER 


We are now in a position to discuss another set of facts concerning 
the perception of tones, namely, the ability of the ear to perceive 
certain sounds in the presence of other sounds. Such data for pure 
tones have been obtained in our laboratories and will soon be pub- 
lished in some detail. The apparatus used consisted simply of two 
vacuum tube oscillators generating the two tones used and two 
attenuators which made it possible to introduce the tones into a single 
receiver with any desired intensities. In other words, it consists of 
two audiometers with a common receiver for generating the two 
tones. The curves shown in Fig. 8 give the general character of the 
results of this work. 
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The ordinates show the amounts in loudness units that the threshold 
value of a tone of any frequency called the ‘‘masked tone”’ is shifted 
due to the presence of another tone called the ‘masking tone.” The 
frequency of the masking tone is given at the top of each set of curves. 

The experimental procedure was as follows: The threshold values 
for the two tones were first determined. The intensity of the masking 
tone (the frequency of which is given above each graph) was. then 
increased beyond its threshold value by the number of units indi- 
cated just above the curve. The masked tone was then increased 
in intensity until its presence was just perceived. The amount of 
this latter increase, measured on the loudness scale is called the 
threshold shift and is plotted as ordinate in Figs. 8 9 and 10. The 
frequencies of the masked tones are given by the abscissce. 

For example, in the fourth chart, the masking effects of the tone 
having a frequency of 1,200 cycles are shown. It is seen that the 
greatest masking effect is near 1,200 cycles, which is the frequency of 
the masking tone. A tone of 1,250 evcles must be raised to 46 units 
above the threshold to be perceived in the presence of a 1,200-cycle 
tone which is 60 units above its threshold, or it must be raised to 
within 14 units of the masking tone before it is perceived. This 
corresponds to an intensity ratio between the tones of only 25.) A 
tone of 3,000 cycles, however, can be perceived in the presence of a 
1,200-cvele tone which is 60 units loud when it is only 8 units above 
its threshold. This means that the intensity ratio between these two 
tones, under such circumstances, corresponds to 52 units or to a 
ratio of approximately 160,000 in intensity. However, as the loudness 
of the masking tone is increased, all of the high tones must be in- 
creased to fairly large values before they can be heard. For example, 
the high frequencies must be raised 75 units above the threshold to 
be heard in the presence of a 1,200-cycle tone having a loudness of 
100 units. But even for such large intensities for the masking tone, 
those frequencies below 800 are perceived by raising their loudness 
only slightly above the threshold value. It should be noticed that 
in all cases, those tones having frequencies near the masking fre- 
quency, whether they are higher or lower, are easily masked. 

It is thus seen that Mayer's conclusion, that a low pitch sound 
completely obliterates higher pitched tones of considerable intensity 
and that higher pitched frequencies will never obliterate lower pitched 
tones, is true only under certain circumstances. A low tone will 
not obliterate to any degree a high tone far removed in frequency, 
except when the former is raised to very high intensities. Also a 
tone of higher frequency can easily obliterate a tone of lower fre- 
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quency if the frequencies of the two tones are near together. When 
the two tones are very close together in pitch the presence of the 
masked tone is perceived by the beats it produces. This accounts 
for the sharp drop in the curves at these frequencies. A similar 
thing happens for those regions corresponding to harmonies of the 
masking frequency. In the charts for the 200- and 400-cycle masking 
tones these drops are not shown inasmuch as they were small, but 
in an accurate picture they should be shown. 
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In Fig. 9, these results are shown plotted in a different way. The 
abscissee represent the loudness of the primary tones whose frequency 
is indicated at the top of each of the charts. The amounts that the 
threshold is shifted are plotted as ordinates as in the previous figure. 
For example, in Chart 1, the results are shown for a masking tone of 
200 cycles. The curve marked 3,000 indicates the masking effect of 
a 200-cycle upon a 3,000-cvcle tone. It is seen that the loudness 
of the low pitched tone can be raised to 55 units before it has any 
interfering effect upon the high pitched tone. For louder values 
than this it has a very marked effect. It will be noticed that in nearly 
all of the charts the curves for different frequencies intersect. This 
leads to some rather interesting conclusions, regarding the percep- 
tion of a complex tone. For example, consider the curves for a mask- 
ing tone having a frequency of 400 cycles. Assume we have a complex 
tone having three frequencies of 400, 300 and 200 cycles with relative 
loudness values of 50, 10 and 10, respectively. The ear will hear only 
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the 400-cycle tone and the 200-cycle tone as is evident from the 
curves. It would be necessary to raise the 300-cycle tone above 16 
units for it to be heard in the presence of 400 cycles of loudness 50. 
However, if the sound is magnified without distortion 30 loudness 
units, so that these three frequencies have loudness values of 80, 40 
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and 40, respectively, then the 400-cycle tone and 300-cycle tone only 
will be heard. Under such conditions, the 800-cycle tone could be 
attenuated approximately 15 units before it would disappear. This 
means that the sensation produced by a complex sound is different in 
character as well as intensity when the sound is increased or decreased 
in intensity without distortion. In general, as the tone becomes 
more intense the low tones become more prominent because the high 
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tones are masked. It is a common experience of one working with 
complex sounds to have the low frequencies always gain in prominence 
as the sound is amplified. 


The question naturally arises, Does the same interfering effect 
exist when the two tones are introduced into opposite ears instead of 
both being introduced into the same ear? The answer is No. 
Curves showing the results in such tests are shown in Fig. 10. For 
comparison the results for the case when in tones are both in the 
same ear are given by the light lines. Take the case of 1,200 and 
1,300 cycles. It is rather remarkable that a tone in one ear can be 
raised to 60 units, that is, increased in intensity one million times, 
before the threshold value for the tone in the other ear is noticeably 
affected. If the 1,300-cycle tone were introduced into the same ear 
as the 1,200-cycle tone, its loudness would need to be shifted 40 units, 
corresponding to a 10,000-fold magnification in intensity above its 
threshold intensity in the free ear before it can be heard. It is seen 
that if one set of curves is shifted about 50 units it will coincide with 
the second set. This strongly suggests that the interference in this 
case is due to the loud tone being transmitted by bone conduction 
through the head with sufficient energy to cause masking. The 
vibration is probably picked up by the base of the incus and trans- 
mitted from there to the cochlea in the usual way. There is other 
evidence * which I shall not have space here to discuss, which in- 
dicates that the effective attenuation from one ear to the other is 
approximately 50 units. 


THEORIES OF AUDITION 


With these facts in mind, we are now ready to discuss the theory 
of hearing which will best account for them. I will refer briefly to 
just a few of the principal theories of hearing which have been pro- 
posed. The sketch shown in Fig. 11 gives a diagrammatic picture of 
the internal ear. In the Helmholtz theory, as first formulated, it is 
stated that the organ of Corti located between the basilar membrane 
and the tectorial membrane act like a set of resonators which are 
sharply tuned. Each tone stimulates a single organ depending upon 
its pitch. Later this theory was somewhat modified as it was thought 
that the resonant property might reside in one of the membranes 
in the cochlea. 


*See paper by Wegel and Lane soon to be published in the Physical Review 
entitled ‘The Auditory Masking of One Pure Tone by Another and its Relation to 
the Dynamics of the Inner Ear.” 
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In the “telephone” theory, as expounded by Voltalini, Rutherford, 
Waller and others, it is assumed that the basilar membrane vibrates 
as a whole like the diaphragm of a telephone receiver, and conse- 
quently responds to all frequencies with varying degress of amplitude. 
The discrimination of pitch takes place in the brain. 

Meyers in his theory states that various lengths of the basilar 
membrane are set in motion depending upon the intensity of the 
stimulating tone. As in the previous theory, the pitch discrimina- 
tion is accomplished in some way in the brain. 

In the ‘non-resonant’ theory of Emile ter Kuile it is assumed 
that the sound disturbance penetrates different distances into the 
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cochlea depending upon the frequency of the stimulating tone. The 
further along the membrane the disturbance reaches, the lower will 
be the pitch sensation. A low pitch tone then stimulates all of the 
nerve fibres that would be stimulated by tones of higher pitch plus 
some additional nerve fibres. 
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The theory of maximum amplitudes was first put into definite 
form by Gray in 1899.° It assumes that the position of maximum 
amplitude of the basilar membrane varies with the pitch of the stimu- 
lating tone. Although a considerable portion of the membrane 
vibrates when stimulated by a pure tone, the ear judges the pitch 
by the position of maximum response of the basilar membrane. 
Roaf has shown that some action of this sort must take place due to 
the dynamical constants involved."! It is an amplification of this 
theory that I desire to propose as the one which most satisfactorily 
accounts for the facts. 


When a sound wave impinges upon an ear-drum, its vibrational 
motion is communicated through the middle ear (Fig. 11) by means 
of the chain of small ossicles (malleus, incus and stapes) to the oval 
window. Here the vibration is communicated to the fluid con- 
tained in the cochlea. If the pitch of the tone is low, Say below 20 
vibrations, the fluid is moved bodily back and forth around the 
basilar membrane through the helicotrema, the motion of the mem- 
brane at the round window and the oval window being just opposite 
in phase, the former moving inward while the latter moves outward. 
For very high frequencies, the mass reactions of the ossicles and the 
fluid are so great that very littl energy can be transmitted to the 
cochlea. For example, when the elasiic forces are negligible it re- 
quires a force 10,000 times as large as produce the same amplitude 
of vibration at 10,000 cycles as that required at 100 eycles. For 
intermediate frequencies the mass reactions, the elastic restoring 
forces and the frictional resistances which are brought into play 
are such that the wave is transmitted through the basilar membrane 
causing the nerves to be excited. 


It is thus seen that the upper and lower limits of audibility are 
easily explained. When the forces upon the drum of the ear or 
walls of the ear canal are large enough to excite the sensation of 
feeling and the pitch of the tone is either too low or too high to cause 
any perceptible vibration of the basilar membrane, we are beyond 
the lower or upper limit of audibility respectively. At frequencies 
between these limits, the vibrational energy is first communicated 
to the fluid in the scala vestibuli and then transmitted through the 
two membranes into the fluid of the scala cochlea. As the basilar 
membrane transmits the sound wave it takes up a vibration ampli- 
tude which stimulates the nerve fibres located in it. The entire mem- 
brane vibrates for every incident tone, but for each frequency there 
is a corresponding spot on the membrane where the amplitude of 
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the vibration is greater than anywhere else. Our postulate is that 
only those nerves are stimulated which are at the particular parts of 
the membrane vibrating with more than a certain critical amplitude; 
and that we judge the pitch from the part of the membrane where 
the nerves are stimulated. According to this conception, the varia- 
tion with frequency of the minimum audible intensity is due prin- 
cipally to the variation with frequency of the transmission efficiency 
of the mechanical system between the auditory meatus and_ the 
basilar membrane. Pure tones of equal loudness correspond either 
to equal amplitudes or to equal velocities of vibration of the basilar 
membrane or to some function of the two. Whatever is assumed, 
the dependence of the minimum audible intensity upon frequency 
for the ear can be explained entirely by the vibrational character- 
istics of the ear mechanism. For the sake of clearness it will be 
assumed that equal amplitudes of vibration of the basilar membrane 
correspond to equal sensations. For loud pure tones, there are 
several regions of maximum amplitude on the membrane, corre- 
sponding to the tone and to the harmonic introduced by the non- 
linear response of the middle ear, the latter maxima increasing very 
rapidly as the stimulation increases. 


It is a strange thing that the phenomenon of the masking of tones 
which, as stated in the beginning, has been considered by some to 
be so fatal to any resonator theory, is the very thing that has fur- 
nished experimental data which makes it possible to calculate the 
vibration characteristics of the inner ear. Such a calculation must 
be based upon assumptions which will be uncertain, but will seem 
reasonable. It is not my purpose to discuss those here, but I shall 
give only the final result of such a calculation made by Mr. Wegel 
and Mr. Lane of our laboratories. At the bottom of Fig. 11, the two 
curves show the amplitude of vibration of different portions of the 
basilar membrane for the two frequencies 400 and 1,200 cycles. For 
purposes here these curves may be considered to be simply  illus- 
trative. This membrane has a length of 31 mm. and a width of .2 mm. 
at the base and .36 mm. at the helicotrema end. The x-axis in this 
figure gives the distance in millimeters from the oval window and 
the y-axis gives the amplitudes of vibration in terms of the amplitude 
corresponding to the threshold of audibility. The loudness of the 
stimulating tones in both cases is 80 units. It will be seen that the 
maximum response for the high frequencies is near the base of the 
cochlea, while that for the low frequencies is near the helicoptrema. 
It will be noticed that the amplitude of the membrane has several 
maxima corresponding to the subjective harmonics. 
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With this picture in mind, it is clear why the perception of one 
tone is interfered with by the presence of a second tone when their 
frequencies are close together, since the nerves necessary to perceive 
the first tone are already stimulated by the second tone. Also when 
their frequencies are widely separated, entirely different sets of nerves 
carry the impulses to the brain, and consequently there is no inter- 
ference between the tones except that which occurs in the brain. 
Although this brain interference may not be entirely negligible, 
especially for very loud sounds, it is certainly very much smaller 
than that existing in the ear for tones close together in pitch. 

It is also seen that the reason why the low tones mask the high 
tones very much more easily that the reverse is due to the harmonics 
introduced by the transmission mechanism of the ear. Inasmuch 
as these harmonics are due to the second order modulations, they 
are proportional to the square of the amplitude and, therefore, be- 
come much more prominent for the large amplitudes. When two 
tones are introduced, summation and difference tones as well as the 
harmonics will necessarily be present (see Appendix B). With the 
proper apparatus for generating continuously sounding tones, these 
subjective tones are easily heard. Their frequency can be quite 
accurately located by introducing from an external source a_fre- 
quency which can be varied until it produces beats with the subjective 
tone. 

Messrs. Wegel and Lane who are working in this field have ob- 
served modulation frequencies created in the ear as high as the fourth 
order. They will soon publish* an account of this work on the 
vibrational characteristics of the basilar membrane. It is seen 
that the quality as well as the intensity of the sensation produced 
by a pure tone should change as the intensity of stimulus is increased 
due to the increasing prominence of the harmonics. This is in ac- 
cordance with one’s experience while listening to pure tones of varying 
intensity. The non-linear character of the hearing mechanism is 
also sufficient to account for the falling off in the ability of one to 
interpret speech when it becomes louder than about 75 units. The 
introduction of the summation and difference tones and the har- 
monics makes the interpretation by the brain more difficult. Its 
action in this respect is very similar to the carbon transmitter used 
in commercial telephone work or to an overloaded vacuum tub. 
This characteristic of the ear also explains why we should expect 
departures from non-linearity when making loudness balances for 
complex tones. It also suggests that a similar thing might be ex- 


* Wegel and Lane, see paper already cited. 
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pected when comparing the loudness of pure tones if the balances are 
made at very high intensities. No such balances have yet been 
made. 

What happens to the ear when one becomes deaf? This question, 
of course, is one for the medical profession to answer, but let us take 
one or two simple cases and see if they fit into this theory. First 
assume that the nerve endings are diseased for a short distance away 
from the base of the cochlea so that they send no impulses to the 
brain. Under certain assumptions the kind of an audiogram one 
should obtain can be calculated from the vibrational characteristics 
determined as mentioned above. Such a calculation shows that an 
audiogram similar to that shown in Fig. 4, which has a rapid falling 
off in sensitiveness, can be accounted for, both quantitatively as 
well as qualitatively. On a pure resonant theory corresponding to 
that first proposed by Helmholtz, a tone island would exist corre- 
sponding to the affected region for such a case. Although we have 
tested a large number of cases, no such islands have ever been found. 
When the intensity of the tone is raised sufficiently to bring the 
amplitude of the area containing the healthy nerve cells which are 
adjacent to the diseased portion to a value above that corresponding 
to the threshold, the tone will then be perceived. 

Again assume that due to some pathological condition, the tissue 
around the oval window where the stapes join the cochlea has become 
hardened. Its elasticity will then be greatly increased so that vibra- 
tional energy at low frequencies will be greatly discriminated against. 
For such a case, an audiogram similar to that shown in Fig. 7-B 
would be obtained. 

A number of things can cause a general lowering of the ear sensi- 
tivity, such as wax in the ear canal, affections of the ear-drum, fixa- 
tion of any of the ossicles, thickening of the basilar membrane, affec- 
tions of the nerve endings or loss in nervous energy being supplied 
to the membrane, etc. However, one would expect that each type of 
trouble would discriminate, at least to some extent, against certain 
frequency regions so as to produce some characteristic in the audio- 
gram. Ear specialists are beginning to realize the possibility of 
obtaining considerable aid in the diagnosis of abnormal hearing from 
such accurate audiograms. 

There are a large number of facts obtained from medical research 
which necessarily have a bearing upon the theory of hearing, but as 
far as I know none of them is contrary to the theory of hearing given 
above. It was seen that there are approximately 300,000 tone units 
in the auditory-sensation area. According to the anatomists, there are 
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only 4,000 nerve cells in the basilar membrane with four or five fibre 
hairs for each cell. Assuming that each hair fibre acts as a unit there 
are still insufficient units for each perceivable tone and according to 
the theory given above, a large number of these units must act at 
one time. Consequently the ear must be able to interpret differences 
in the intensity of excitation of each nerve cell as well as determine 
the position of each nerve cell excited. 

Most modern neurologists believe in the “none or all" excitation 
theory of nerve impulses.°*" They also claim that nerve impulses 
can never be much more rapid than about 50 per second and cannot 
therefore follow frequencies as high as those found in sound waves. 
The second statement only emphasizes the necessity of assuming 
that the intensity position as well as place position is necessary to 
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account for the differentiation of pure tones. The first statement 
is not necessarily in conflict with such an idea since anatomists are 
not agreed upon the number of nerve fibres radiating from each 
nerve cell. Since each nerve fibre can serve to give a unit nerve 
impulse, the intensity of stimulation sent from a single nerve cell 
can increase with stimulation depending upon the number of nerve 
fibres brought into action. The intensity of the sensation produced 
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is then directly related to the total number of nerve fibres giving off 
impulses. It seems to me that the spacial and intensity configura- 
tions which are possible, according to this theory, are sufficient for 
an educated brain to interpret all the complex sounds which are 
common to our experience. 

In conclusion then, it is seen that the pitch of pure tones is de- 
termined by the position of maximum response of the basilar mem- 
brane, the high tones stimulating regions near the base and the low 
tones regions near the apex of the cochlea. 

A person can sense two mixed tones as being distinctly two tones 
while he cannot sense two mixed colors, since in the ear mechanism 
there is a spacial frequency selectivity while in the eye mechanism 
there is no such selectivity. 

The limiting frequencies which can be perceived are due entirely 
to the dynamical constants of the inner ear as is also the dependence 
of minimum audible intensity on frequency. 

The so-called subjective harmonics, summation and_ difference 
tones are probably due to the non-linear transmission characteristics 
of the middle and inner ear. 

These subjective harmonics account for the greater masking effect 
of low tones on high tones than high tones on low tones. Due to 
this non-linear characteristic, the quality as well as the intensity of 
the sensation produced, especially by complex tones, change as the 
intensity of the stimulus increases. 

The facts obtained from audiograms of abnormal hearing are 
consistent with the theory of hearing which has been outlined. 

Although this theory of hearing nvolves the principle of reso- 
nance, it is very different from the Heimholtz theory as usually under- 
stood. In the latter it as assumed that there are four or five thousand 
small resonators in the ear, each responding only to a single tone; 
while in the former it is assumed that a single vibrating membrane 
which vibrates for every impressed sound is sufficient to differentiate 
the various recognizable sounds by its various configurations of 
vibration form. 

A loudness scale has been chosen such that the loudness change 
is equal to ten times the common logarithm of the intensity ratio. 
A pitch scale has been chosen such that the pitch change is equal 
to 100 times the logarithm to the base two of the frequency ratio. 
The loudness of complex or simple tones is measured in terms of the 
number ot loudness units a tone of 700 cycles must be raised above 
its average threshold value before it sounds equally loud to the sound 
measured. 
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The degree of deafness is measured by the fractional part of the 
normal area of audition in which the sensation is either lacking or false. 


APPENDIX A 


The calculations of the number of pure tones perceivable as being 
different in pitch at a given intensity or being different in loudness at 
a given pitch involves a line integral. The calculation of the number 
of pure tones perceivable as being different either in loudness or 
pitch involves a surface integral. 

Let the coordinates used in Fig. 1 corresponding to AL and AP 
be designated a@ and 8, respectively. Then the relations shown in 
Figs. 2 and 3 can be expressed by the equations 


=f (a@—ag) and (1) 
AN 

= (2) 


where ap is the value of @ along the normal minimum audibility 
curve shown in Fig. 1. Knudsen’s data indicated that the curve 
shown in Fig. 3 held only for values of a—ay corresponding to the 
flat part of the curve in Fig. 2. For lower intensities the pitch dis- 
crimination fell off in about the same way as that shown for the 
intensity discrimination. To represent this mathematically, ¢(8) 
can be multiplied by a factor which is unity for the loud tones and 
which increases similarly to f(@—«ap) for the weaker tones. Such a 


factor is 10 f(a@--a) sinee f(@—ay) is approximately 10 for the louder 


AN. 
tones. So the corrected formula for \ is 


N 
=10¢9(8) -f(a—ap). (3) 


Let dx be the number of perceivable tones of constant intensity 
corresponding to @ in the pitch region between 8 and 8+d8 and let 
dy be the number of perceivable tones of constant pitch corresponding 
to B in the region between a and a+da. Then 


1N 

dx = 
dE 

dy= (5) 
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But the values of 8 and @ are given by 
8=100 logeNV (6) 
a= 10 (loge (7) 
where F, is the value of intensity corresponding to a pressure am- 


plitude of 1 dyne. 
Substituting values of dV and dE in terms of @ and 8 we have 


log, 2 dg 
dx = An 082 48= ¢(B) av) 
log, 10 da 


The number of tones of constant intensity which are perceivable as 
different in pitch is then 


dg 
1000/3, ¢(8) -f(a—av) 
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where 8: and 82 are the points where the particular intensity line 
cuts the boundary lines of the auditory-sensation area. For ex- 
ample, the limits for the line corresponding to l-dyne pressure ampli- 


Curves for Ubtain ng 2 | ] 
lalues of Fla F 
QB f 
| ail 
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tude are 500 and 1420. Similarly the number of tones of constant 
pitch which are perceivable as being different in loudness is given by 
log. 10 da 
y= 


10 fla—ay) 


where ai and az are determined by the intersection of the particular 
pitch line with the boundary lines of the auditory-sensation area. 

The values of these integrals were computed graphically. Figs. 
12 and 13 show the results of these calculations. It is seen that 
the maximum number of tones perceivable as different in loudness 
is in the frequency range 700 to 1,500 which is also the important 
speech range. The number in this range is approximately 270. 

In the pressure range from 1 to 100 there are approxmiately 1,500 
tones which can be perceived as being different in pitch. 

The number of tones 47 in a small area d3 da situated with one 


corner at the point (a, 8) is given by dy dy or 
log, 2 log, 10 da dg 
10,000 g(3)f?(a— ap)’ 


loge 2 log. 10 d3 da 
40,0005. 
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The function — 
ao) 


must be integrated throughout the audi- 


tory-sensation area. This was done by graphical methods as shown 
in Figs. 14 and 15 with the result that 7 =324,000. 


APPENDIX B 


Let the pressure variation of the air in front of the drum of the 
ear be designated by 6p. Since the pressure of the air in the middle 
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ear balances the undisturbed outside air pressure this change in 
pressure multiplied by the effective area of the ear-drum is the only 
effective force that produces displacements. Let the displacement 
of the fluid of the cochlea near the oval window be designated by X. 
If Hookes law held for ail the elastic members taking part in the 
transmission of sound to the inner ear then 

X (1) 
where & is a constant. 

It would be expected from the anatomy of the ear that Hookes 
law would start to break down even for small displacements. So 
in general the relation between the force 6p and the displacement 
X can be represented by 


X =f (5p) .... (2) 
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where the coefficients a, a, a2... belong to the expansion of the 
function into a power series. Now if 6p is a sinusoidal variation then 

6p = py Cos wt (3) 
where 57 Is the frequency of vibration. Substituting this value in 
us 


(2), terms containing the cosine raised to integral powers are ob- 
tained. These can be expanded into multiple angle functions. For 
example, for the first four powers 


cos? wt =} cos 2 wt+3, (4) 
cos’ wt =} cos 3 cos wt, (5) 
wi = cos 4 3 (6) 
COs* wt = 5 COS + wit COS 2 ) 


It is evident then that the displacement Y will be represented by a 
formula 


X cos wt cos 2 wt+b3cos3 wit .... 
In other words when a periodic force of only one frequency is im- 
pressed upon the ear-drum this same frequency and in addition al! 
its harmonic frequencies are impressed upon the fluid of the inner ear. 
If two pure tones are impressed upon the ear then 4 is given by 


6p = pi COS wilt COs wot. 


If this value is substituted in equation (2), terms of the form cos” wif 
and cos™ wet and cos” wt cos” wot are obtained. The first two forms 
give rise to all the harmonics and the third form gives rise to the 
summation and difference tones. For example, the first four terms are 


ag =ao 
a,6p COS + p2 COS wel) 
a3(5p)*? =ae[} cos 2 wit+3 cos 2 pip» 
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Therefore unless there is a linear relation between a force acting on 
the ear-drum and the displacement at the oval window, that is unless 
all the coefficients in equation (2) are zero except ay, all the harmonics 
and the summation and difference tones will be impressed upon the 
fluid in the cochlea of the inner ear. 


BIBLIOGRAPHY 


Pitch Discrimination 
Preyer, ‘‘Grenzen d. Tonwahr.,”’ Jena, 1876. 
2 Luft, Phil. Studien., 4, p. 511, 1888. 
3 Meyer, Ztschr. f. Psychol. u. Physiol., 16, p. 352, 1898. 
‘Schaefer and Guttman, Ztschr. f. Psychol. u. Physiol., 32, p. 87, 1903. 
’Stucher, Ztschr. f. Psychol. u. Physiol., 42, part 2, p. 392, 1907. 
§ Seashore, Psychol. Monogr., 13, p. 21, 1910. 
7 Vance, Psychol. Monogr., 16, No. 3, p. 115, 1914. 
§Smith, Psychol. Monogr., 16, No. 3, p. 65, 1914. 
® Knudsen, Phys. Rev., 21, No. 1, p. 84, Jan., 1923. 


Intensity Discrimination 
10 Merkel, Phil. Studien., 4, pp. 117-251, 1887. 
" Wren. Ann. d. Phys., 36, p. 834, 1889. 
2 Zwaardemaker, Proc, Konink. Akad. Wetensch, Amsterdam, 8, p. 421, 1905. 
8 Pillsbury, Psychol. Monogr., 13, No. 1, p. 5, 1910. 
4 Knudsen, Phys. Rev., 21, No. 1, p. 84, Jan., 1923. 


Absolute Sensitivity 
8 Toepler and Boltzman, Ann. d. Phys., 141, p. 321, 1870. 
16 Wead, Am. Jour. Sci., (3), 26, p. 177, 1883. 
'7 Rayleigh, Proc. Roy. Soc., 26, p. 248, 1887; Phil. Mag., [5], 38, pp. 295, 365, 1894; 
Phil. Mag., [6], 14, p. 596, 1907. 
1S Wien. Archiv. fur die gesamte Physiologie, 97, pp. 1-57, 1903. 
'9 Zwaardemaker and Quix, Arch. f. Anat. u. Phystol, Abt., p. 321, 1903. 
Webster, Festschrif. f. L. Boltzmann, Leipzig, p. 866, 1904. 
Shaw, Proc. Roy, Soc., Ser. A, 76, 360, 1905, 
2 Abraham, Compt. Rend., 144, p. 1099, 1907. 
Koehler, Ztschr. f. Psychol. u. Phystol., 54, (1), p. 241, 1910. 
* Bernbaum, Ann, d. Phys., 49, pp. 201-228, 1916. 
% Kranz, Phys. Rev., 17, No. 3, p. 384, 1921. 
*% Minton, Phys. Rev., 19, No. 2, p. 80, 1922. 
27 Hewlett, Phys. Rev., p. 52, Jan., 1922. 
*8 Fletcher and Wegel, Phys. Rev., 19, No. 6, p. 553, 1922. 
29 Lane, Phys. Rev., 19, No. 5, May, 1922. 
30 Wegel, Proc. Nat'l Acad., July 15, 1922. 
3t MacKenzie, Phys. Rev., 20, No. 4, Oct., 1922. 


Upper Limit of Audibility 
% Savart, Compt. Rend., 20, pp. 12-14, 1845. 
3 Rayleigh, Proc. Roy. Inst. of Gr. Br., 15, p. 417, 1897. 
4 Koenig, Handb. d. Physiol., 3, p. 112, 1880; Ann. d. Phys., 69, pp. 626-721, 1899. 


4 
j 


PHYSICAL MEASUREMENTS OF AUDITION 179 
% Scripture and Smith, Stud. from Yale Psychol. Lab., 2, p. 105, 1894 
3% Stumpf and Meyer, Ann. d. Phys., 61, p. 773, 1897. 
37 Schwendt, Arch. f. d. ges. Physiol., 75, p. 346, 1899. 
38 Edelmann, Ann. d. Phys., 2, p. 469, 1900. 
399 Mever, Jour. Phystol., 28, p. 417, 1902. 
40 Wien. Arch. f. ges. Phystol., 97, p. 1, 1903. 
4 Bezold, Funk. Pruef. d. Mensch. Gehoer., 2, p. 162, 1903. 
2 Schulze, Ann. d. Phys., 24, p. 785, 1907, 
3 Stueker, Sitz. Ber. d. Akad. d. Wiss. Wien., 116, 2a, p. 367, 1907. 
Wegel, Proc. Nat'l Acad., July 15, 1922. 


= 


Lower Limit of Audibility 
% Savart, Ann. de Phys. et de Chem., 47. 
Helmholtz, ‘Sens. of Tone,’ Eng. Trans., p. 175, 1885. 
7 Preyer, ‘Ueber d. Grenze d. Tonwahr,”’ Jena, p. 8, 1876. 
48 Benzold, Ztschr. f. Psychol. u. Phystol., 13, p. 161, 1897. 
49 Schaefer, Ztschr. f. Psychol. u. Physiol., 21, p. 161, 1899. 
5° [mai and Vance, Psychol. Monogr., 16, p. 104, 1914. 
5t Wegel, Proc. Nat'l Acad., July 15, 1922. 


Miscellaneous References 
2 Mayer, A. M., Phil. Mag., 11, p. 500, 1875, ‘‘ Researches in Acoustics.” 
Peterson, Jos. Psychol. Rev., 23, No. 5, p. 333, 1916, ‘The Place of Stimulation in 
the Cochlea vs. Frequency as a Direct Determiner of Pitch.” 
Arnold and Crandall, Phys. Rev., 10, No. 1, July, 1917, ** The Thermophone as a 
Precision Source of Sound.” 
Wente, Phys. Rev., 19, No. 5, p. 498, 1922, ‘The Sensitivity and Precision of the 
Electrostatic Transmitter for Measuring Sound Intensities.”’ 
Fletcher and Wegel, Phys. Rev., 19, No. 6, June, 1922, ‘“‘ The Frequency Sensitivity 
of Normal Ears.” 
57 Fowler and Wegel, Annals of the Amer. Rhin., Larg. and Ot. Soc., June, 1923, 
“Audiometric Methods and their Applications.” 
38 Fletcher, ‘‘ Nature of Speech and its Interpretation,” Jour. Frank. Inst., June, 1922. 
59 Lillie, R. S., ‘‘The Relation of Stimulation and Conduction in Irritable Tissues 
to Changes in Permeability of the Limiting Membranes,’ Amer. J. Phystol., 
28, 197-223, 1911. Also other papers. 
6° Lucas, K., ‘* The Conduction of the Nervous Impulse,”’ London, 1919, 


Discussions of the Theory of Hearing 
*t Roaf, Phil. Mag., 43, pp. 349-354, Feb., 1922. 
® Wrightson, ‘‘ Analytical Mechanism of Internal Ear,” 1918, 
6’ Morton, Phys. Soc. Lond., 31, p. 101, Apr., 1919. 
* Peterson, Psych. Rev., 20, p. 312, 1913. 
68 Boring and Titchener, Physiolog. Abs., 6, p. 27, April, 1921. 
6 Meyer, Amer. Jour. of Psych., 18, pp. 170-6, 1907. 
8? Hartridge, Brit. Jour. Psychol., 12, pp. 248-52, 1921. 
68 Hartridge, Brit. Jour. Psychol., 12, pp. 277-88, 1921. 
Gray, Jour. Anat. Phys., 34, p. 324, 1900. 
70 Hartridge, Brit. Jour. Psychol., 12, pp. 142-6, 1921 
1 Hartridge, Brit. Jour. Psychol., 12, pp. 248-52, 1921. 
7 Hartridge, Nature, 107, pp. 394-5, May 26, 1921; 107, p. 204, April 14, 1921. 
73 Hartridge, Brit. Jour. Psychol., 12, pp. 362-82, Aug. 16, 1921. 


Be 
4 
| 
| 
2 


180 BELL SYSTEM TECHNICAL JOURNAL 


* Hartridge, Nature, 107, p. 811, Aug. 25, 1921. 

* Hartridge, Nature, 109, p. 649, May 20, 1920 

* Ackerman, Nature, 109, p. 649, May 20, 1920. 

” Hartridge, Nature, 110, pp. 9 10, July 1, 1922, 

** Wilkinson, Proc. of Roy. Soc. Med., 15, Sect. of Otol., pp. 51-3, 1922, 

’® Bayliss, Nature, 110, p. 632, Nov. 11, 1922. 

* Broemser, Physiol. Abs., 6, p. 28, April, 1921. (Abs. from Sutzung. d. Ges. f. 
Morphol. u. Physiol. in Munchen, p. 67, 1920.) 

“ Weiss, Psychol. Rev., 25, p. 50, 1918, 

“ Abraham, Ann. d. Phys., 60, No. 17, p. 55, 1919, 

* Buck, N. Y. Med. Jour., June, 1874. 

* Bryant, Repr. Trans. of the Amer. Otol. Soc. Transact., 1909, 

* Marage, Comp. Rend., 175, p. 724, Oct. 23, 1922, 

“ Rayleigh, Sct. Abs., Sec. A., 22, p. 124, Mar. 31, 1919. (Abs. from Nature, 102, 
p. 30d, Dec. 19, 1918.) 

Marage, Comp. Rend., 172, Jan: 17,1021. 

** Dahns, Monasschr. f. Ohrenheilk. u. Laryng.-Rhinol., 56, p. 23, 1922, 

** Barton, Nature, 110, pp. 316-9, Sept. 2, 1922, 

’’ Scripture, Nature, 109, p. 518, Apr. 22, 1922. 

" Ogden, Psychol. Bull., 15, p. 76, 1918. 

* Ogden, Psychol. Buil., 16, p. 142, 1919 

* Ogden, Psychol. Bull., 17, p. 228, 1920. 


a 
| 
otf 


The Contributors to-this Issue 


GEORGE A. CAMPBELL, B.S., Massachusetts Institute of Technology, 
1891; A.B., Harvard, 1892; Ph.D., 1901; Géttingen, Vienna and 
Paris, 1893-96. Mechanical Department, American Bell Telephone 
Company, 1897; Engineering Department, American Telephone and 
Telegraph Company, 1903-1919; Department of Development and 
Research, 1919—; Research Engineer, 1908—. Dr. Campbell has 
published papers on loading and the theory of electric circuits and is 
also well-known to telephone engineers for his contributions to re- 
peater and substation circuits. The electric filter which is one of his 
inventions plays a fundamental réle in telephone repeater, carrier 
current and radio systems. 


Ropert W. Kinc, A.B., Cornell University, 1912; Ph.D., 1915; 
assistant and instructor in physics, Cornell, 1913-17; Engineering 
Department of the Western Electric Company, 1917-20; Depart- 
ment of Development and Research, American Telephone and Tele- 
graph Company, 1920-21; Information Department, 1921—. While 
with the Western Electric Company, Mr. King’s work related to the 
design and construction of vacuum tubes and allied high vacuum 
apparatus. 


Karu K. Darrow, S.B., University of Chicago, 1911; University 
of Paris, 1911-12; University of Berlin, 1912; Ph.D., in physics and 
mathematics, University of Chicago, 1917; Engineering Department, 
Western Electric Company, 1917—. At the Western Electric, Mr. 
Darrow has been ergaged largely in preparing studies and analyses 
of published research in various fields of physics. 


H. D. ARNOLD, Ph.B., Wesleyan, 1906; M.S., 1907; Ph.D., Chicago, 
1911; assistant in physics, Wesleyan, 1906-07; Chicago, 1908; pro- 
fessor, Mt. Allison, 1909-10; Engineering Department of the Western 
Electric Company, Research Engineer, 1911-—; Director of Research, 
1923—. Dr. Arnold has been in direct charge of the development 
of the vacuum tube for telephone repeaters and radio purposes, and 
also other items of telephone equipment. 


Lioyp EspeNcHIED, Pratt Institute, 1909; United Wireless Tele- 
graph Company as radio operator, summers, 1907-08; Telefunken 
Wireless Telegraph Company of America, assistant engineer, 1909-10; 


181 


J 
| | 13 
| 
| 
| 


1&2 BELL SYSTEM TECHNICAL JOURNAL 


American Telephone and Telegraph Company, Engineering Depart- 
ment and Department of Development and Research, 1910—. Took 
part in long distance radio telephone experiments from Washington 
to Hawaii and Paris, 1915; since then his work has been connected 
with the development of radio and carrier systems. 


Harvey FLetcuer, B.S., Brigham Young, 1907; Ph.D., Chicago, 
1911; instructor of physics, Brigham Young, 1907-08; Chicago, 
1909-10; Professor, Brigham Young, 1911-16; Engineering Depart- 
ment, Western Electric Company, 1916—. The present paper by 
Dr. Fletcher gives some of the results of an investigation which is 
being made of the relation between the frequency characteristics of 
telephone circuits and the intelligibility of transmitted speech. Dr. 
Fletcher has also published on Brownian movements, ionization and 


electronics. 


a 
we 
‘ 
OAR 


VOLUME 11 OCTOBER, 1923 


THE BELL SYSTEM 
TECHNICAL JOURNAL 


DEVOTED TO THE SCIENTIFIC AND ENGINEERING ASPECTS 
OF ELECTRICAL COMMUNICATION 


Mutual Impedances of Grounded Circuit—G. A. 


Thermionic Vacuum Tubes and Their App'ications— 


Some Contemporary Advances in Physics—K. K. 


Transatlantic Radio Telephony—H. D. Arnold and 
Lloyd 116 


Physical Measurements of Audition and Their Bear- 
ing on the Theory of Hearing—Harvey Fletcher 145 


Contributors to thisIsue ............ 181 


i 
NUMBER 4 ae 
pr 
: 
| 
: 
AMERICAN AND ANY 
NEW YORK 
50¢ per copy $1.50 per year 7 


| 


| 


‘THE BELL SYSTEM TECHNICAL JOURNAL _ 


J. J. Carty Bancroft Gherardi : F. B. Jewett 
E.B.Craft  L. F. Morehouse O. B. Blackwell 


Published quarterly by the American Telephone and Telegraph Company, 
through its Information Department, in behalf of the Western Electric = 
Company and the Associated Companies of the Bell System 


4 


Address all correspondence to the Editor = 


i Information Department 
: AMERICAN TELEPHONE AND TELEGRAPH COMPANY 
& 195 BROADWAY, NEW YORK, N. Y. 

50c. Per Copy Copyright, 1923. $1.50 Per Year 


| Previous to 1907 there were maintained in the, Bell System, 
three laboratories and departments of development, research and i 
‘ experiment,—one by the American Telephone and_ Telegraph | 
. Company at Boston, one by the Western Electric Company at ! 
| 
} 


Chicago and one by the Western Electric Company at. New York. 


In 1907, in the interest of economy and efficiency, these were 
; consolidated so far as laboratory and ‘experimental. work were 
ae concerned and the Bell System Laboratory at Bethune and West 

it Streets, New York, was established. The expense of operation 
is divided between the American Telephone and Telegraph Com- 
pany and the Western Electric Company according to the nature 
of the work done. } 


“ In the Bell System the American Telephone and Tele h 
Company undertakes, through constant association with the ; 
operating to formulate the requirements, present 
¥ and future, of the Bell System. Out of these requirements come 
% the problems of the American Telephone and Telegraph Com- ; 
any’s Department of Development and Research and the System ; 
aboratory. After the problems have been satisfactorily sro aw i 
the Department of Development and Research adopts as standa 
the systems, and apparatus thus produced which are 
: : then specified for their proper uses in the Associated Companies 
= by the Engineering ee of the American Telephone and 
Telegraph Company. en different departments and companies 
are mentioned in this publication, so far as they are parts of the 
Bell System, they are parts of one working organization 


H. B. THAYER, resident, 
American Telephone and Telegraph Company. 


z 
EDITORIAL BOARD 
H. P. Charlesworth E. H. Colpitts 
R. W. King Editor 
: 
| 
i 
x 
: 
4 


| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| ; 
4 
‘ 
4 
i 
ag 


